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Essentiell für die Gesundheit des Menschen sind sein Immunsystem und seine Mikrobiota. Die 
Mikrobiota umfasst sämtliche Mikroorganismen in und auf dem menschlichen Körper und steht in einer 
symbiotischen Beziehung mit diesem. Diese Symbiose ist das Resultat einer langen, gemeinsamen 
Entwicklung, welche anscheinend erst durch die Entstehung des adaptiven Immunsystems ermöglicht 
wurde. Das adaptive Immunsystem unterscheidet zwischen „Fremd“ und „Eigen“ und vermittelt 
Immuntoleranz, bspw. gegenüber der Mikrobiota oder ungefährlichen Antigenen. Chemikalien, wie 
Pestizide oder Inhaltsstoffe von Nahrungsmittelverpackungen, gelangen durch orale Aufnahme in 
unseren Körper. Dort können sie potentiell die Darmmikrobiota und direkt oder indirekt über 
Veränderungen der Mikrobiota das Immunsystem beeinflussen.  
In den vergangenen Jahrzehnten wurden spezialisierte Immunzellen entdeckt, wie bspw. die Mukosa-
assoziierten invarianten T-Zellen (MAIT-Zellen), welche häufig in Schleimhäuten, also an den 
Grenzschichten des Körpers, vorkommen. MAIT-Zellen erkennen mikrobielle Stoffwechselprodukte 
und zeigen nach Aktivierung zytotoxische Effekte. Ihnen wird eine wichtige, wenn auch noch unklare 
Rolle bei der Abwehr von Mikrobiota und in chronisch-entzündlichen Erkrankungen zugeschrieben. 
In der vorliegenden Arbeit wurden Modellsysteme zur Kultivierung von mikrobiellen Gemeinschaften 
etabliert, um zunächst den direkten Effekt von Umweltchemikalien auf die Mikrobiota zu untersuchen. 
Die Kultivierung der verschiedenen Mikrobiota erfolgte sowohl kontinuierlich im Bioreaktor, als auch 
zeitlich begrenzt in anaeroben Anreicherungskulturen. Des Weiteren wurde überprüft, ob die 
Aktivierung von MAIT-Zellen durch mikrobiellen Stress beeinflusst werden kann, um schließlich 
Mikrobiota-vermittelte, indirekte Einflüsse von Umweltchemikalien auf MAIT-Zellen zu untersuchen.  
Diese Arbeit leistet einen wichtigen Beitrag zur reproduzierbaren Kultivierung von mikrobiellen 
Gemeinschaften in Bioreaktoren um den Einfluss von Umweltchemikalien, sowohl direkt auf die 
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In zahlreichen Studien wurden chemikalienbedingte unerwünschte Wirkungen sowohl auf das 
Immunsystem als auch auf die Darmmikrobiota festgestellt. Bisher berücksichtigen die 
Prüfrichtlinien der europäischen REACH-Verordnung zur Registrierung, Bewertung, 
Zulassung und Beschränkung chemischer Stoffe jedoch keine Auswirkungen von Chemikalien 
auf die Darmmikrobiota und auch nicht auf das Immunsystem. 
Die Darmmikrobiota ist für die menschliche Gesundheit essentiell und steht in bidirektionalem 
Austausch mit dem Immunsystem des Wirts. Spezialisierte Immunzellen, wie z.B. Mucosal-
assoziierte invariante T (MAIT)-Zellen, erkennen mikrobielle Metabolite, was diese Zellen 
potenziell sensitiv für mikrobiota-vermittelte Effekte chemischer Exposition macht. Daher 
wurde in der vorliegenden Arbeit untersucht, ob Umweltchemikalien, also Glyphosat, 
Chlorpyrifos und Bisphenole, die Reaktion der MAIT-Zellen indirekt modulieren können, 
indem sie zunächst die Mikrobiota verändern. 
Um die Effekte einer Chemikalien-Exposition auf Mikrobiota zu analysieren und danach die 
MAIT-Zellmodulation zu untersuchen, wurden mit Erfolg geeignete Modellsysteme etabliert. 
Die etablierten Systeme umfassten sowohl die anaerobe Kultivierung einzelner 
Bakterienstämme und komplexer Gemeinschaften als auch die kontinuierliche Kultivierung 
definierter und komplexer Mikrobiota (Abbildung 1 A). Diese Kultivierungssystem wurden 
anschließend für die kurz- und langzeit chemische Exposition eingesetzt. Die Untersuchung der 
mikrobiota-vermittelten Wirkungen von Chemikalien auf Immunzellen, wie z.B. MAIT-Zellen, 
ist ein neuer Forschungsansatz. Daher wurden Modellsysteme zur Untersuchung der 






Abbildung 1. Grafische Darstellung der im vorliegenden PhD-Projekt behandelten Themen. A - Zur 
Untersuchung der mikrobiota-modulierenden Wirkungen von Chemikalien wurden geeignete 
Modellsysteme für die Kurz- und Langzeitexposition von Mikrobiota entwickelt. B - Das Konzept der 
MAIT-Zellmodulation über Mikrobiota wurde getestet und für weiteren Analysen verwendet.  
Die extended simplified human intestinal microbiota (SIHUMIx) ist eine definierte 
Modellgemeinschaft der menschlichen Darmmikrobiota und wurde für die Kultivierung im 
Bioreaktor etabliert. Aufgrund ihrer geringen Komplexität sollte die Auflösung von Effekten 
durch Chemikalien-Exposition bis auf Artebene möglich sein. Mit Hilfe mehrerer Methoden , 
sowohl auf Zell-, Protein-, DNA- als auch Stoffwechselebene, wurde gezeigt, dass sich SIHUMIx 
reproduzierbar im Bioreaktor entwickelt (Publikation 1). Beginnend mit Tag 5 erreichte die 
Gemeinschaft einen konstanten Zustand und behielt diesen unter ungestörten 
Kulturbedingungen bei (Publikation 1 und Publikation 2). Im Anschluss an die erfolgreiche 
Etablierung von SIHUMIx für die Anwendung im Bioreaktor wurden der Effekt eines 
kurzzeitigen Säurestress untersucht. Diese Störung wurde genutzt um die Resistenz und 
Resilienz von SIHUMIx gegenüber einer starken aber unspezifischen Störung zu ermitteln. 
Metaproteomanalysen zeigten, dass die Taxonomie von SIHUMIx kaum beeinflusst wurde, 
wohingegen auf Einzelzellebene (Bakterien-Durchflusszytometrie) und auf funktionaler Ebene 
(Profil der kurzkettigen Fettsäuren) starke Effekte beobachtet wurden. Nach Ende der Störung 




eine hohe Resilienz gegenüber eines Säurestresses (Publikation 1). Im Gegensatz dazu war 
SIHUMIx sehr resilient gegenüber Veränderungen der Medienverweilzeit (Publikation 2). 
Ebenfalls wurde SIHUMIx nur sehr wenig durch die Exposition von 45 µM Bisphenol S 
beeinflusst, sowohl hinsichtlich der Taxonomie als auch functional. Dennoch konnte anhand 
dieser Experimente gezeigt werden, dass sich SIHUMIx aufgrund der geringen Komplexität als 
Modellsystem eignet um den Einfluss von Chemikalien auf die Taxonomie und Funktion der 
Gemeinschaft im Detail zu untersuchen. 
Sowohl Batch-Kultivierung als auch kontinuierliche Kultivierung wurde eingestzt um die 
Mikrobiota-modulierenden Eigenschaften von Glyphosat zu erforschen. Die Exposition von 
Escherichia coli, Bifidobacterium adolescentis und Lactobacillus reuteri mit 300 mg/L 
Glyphosat während der exponentiellen Wachstumsphase einer Batch-Kultivierung wirkte sich 
nur geringfügig auf Wachstum, Riboflavin- und Folat-Biosynthese aus (Publikation 4). 
Während der kontinuierlichen Kultivierung von Mikrobiota des Schweins wurden die Effekte 
einer hohen Glyphosatexposition (900 mg/L) auf die Taxonomie und Funktion anhand eines 
Multi-omics-Ansatz (Metaproteomanalyse, 16S rRNA-Genanalyse, ungerichtete und 
ungerichtete Metabolomanalyse) ermittelt. Es wurden nur schwache Effekte auf die Funktion 
der Gemeinschaft und keine Veränderungen hinsichtlich der Taxonomie beobachtet 
(Publikation 6). In diesem Kontext wurde eine sensitive Methode zur Quantifizierung von 
Glyphosat aus Bioreaktorflüssigkeiten etabliert (Publikation 5). 
Darüber hinaus wurde die Wirkung der am häufigsten eingesetzten Bisphenole, Bisphenol A, 
Bisphenol F und Bisphenol S, in Batch-Kultur der Bakterienarten Bacteroides thetaiotaomicron 
und Escherichia coli und einer humanen Mikrobiota aus Fäzes untersucht. In der höchsten 
hemmten alle Bisphenole das Wachstum, reduzierten die Lebensfähigkeit und veränderten den 
Stoffwechsel der Mikroorganismen, wobei alle Mikroorganismen individuell reagierten. 
Hierbei waren die Mikrobiota-modulierenden Eigenschaften von Bisphenol A am stärksten und 
die von Bisphenol S am schwächsten (Publikation 7). 
Das Konzept der Mikrobiota-vermittelten Auswirkung von Stress auf MAIT-Zellen wurde 
anhand eines Säurestress während der Kultivierung SIHUMIx untersucht. Der Säurestress hatte 




verminderte Verfügbarkeit von Riboflavin begleitet. Im Gegenzug war das Potenzial MAIT-
Zellen zu aktivieren mit ungestörten Kultivierungsbedingungen assoziiert. Im Rahmen dieser 
Arbeit wurden weitere Faktoren identifiziert, die die Stärke der MAIT-Zellaktivierung in vitro 
beeinflussen. Selbige waren die Diversität der Bakteriengemeinschaft und deren 
Zusammensetzung (Publikation 3). Nachdem das Konzept überprüft wurde, wurden die 
Mikrbiota-vermittelten Effekte von Glyphosat und Chlorpyrifos auf MAIT-Zellen untersucht. 
Chlorpyrifos, aber nicht Glyphosat, beeinflusste die Fähigkeit von Escherichia coli, 
Bifidobacterium adolescentis und Lactobacillus plantarum in den getesteten Konzentrationen 
(Publikation 4). Außerdem konnte gezeigt werden, dass Bisphenol A, Bisphenol F und 
Bisphenol S den Stoffwechsel von Bacteroides thetaiotaomicron, Escherichia coli und ebenfalls 
von komplexen Mikrobiota aus humanem Fäzes in der verwendeten Konzentrationen 
beeinflussen. Diese Veränderungen wirkten sich auf die Fähigkeit der Einzelstämme MAIT-
Zelln zu aktivieren aus, wohingegen die komplexe Gemeinschaft bezüglich MAIT-
Zellaktivierung nicht beeinträchtigt war (Publikation 7). 
Mit der vorliegenden Arbeit wurde die methodische Grundlage für die Kultivierung von 
komplexe Mikrobiota gelegt, um die Mikrobiota-modulierenden Eigenschaften von 
Umweltchemikalien zu entschlüsseln. Darüber hinaus wurden in dieser Arbeit die etablierten 
Modellsysteme genutzt, um die Effekte von Glyphosat, Chlorpyrifos und Bisphenolen auf die 
Mikrobiota, und damit verbunden, potenzielle Effekte auf die Aktivierung von MAIT-Zellen zu 
untersuchen. Die etablierten Modellsystem erweisen sich als geeignet um die Nebeneffekte von 
Umweltchemikalien auf intestinale Mikrobiota und Immunzellen zu untersuchen. Die 
Verwendung dieser Modellsysteme könnte in Zukunft die Risikobewertung on Chemikalien in 








Chemical-related adverse effects on both, the immune system and the intestinal microbiota, 
have been reported in several studies. However, the test guidelines of the European REACH 
regulation on the Registration, Evaluation, Authorization and Restriction of Chemicals do not 
consider chemical effects on the intestinal microbiota as well as on the immune system so far.  
The intestinal microbiota is essential for human health and stands in bidirectional exchange 
with the host immune system. Specialized immune cells, such as mucosal-associated invariant 
T (MAIT) cells, recognize microbial metabolite, which renders these cells potentially susceptible 
to microbiota-mediated effects of chemical exposure. Thus, the present work investigated 
whether environmental chemicals, i.e. glyphosate, chlorpyrifos and bisphenols, can indirectly 
modulate the MAIT cell response by first affecting the microbiota.  
To investigate effects of chemical exposure on microbiota and thereafter studying MAIT cell 
modulation, suitable model systems were successfully established. The established systems 
comprised anaerobe cultivation of individual strains of bacteria and complex communities in 
batch as well as the continuous cultivation of defined and complex microbiota (Figure 1 A). These 
cultivation systems were then utilized for short-term and long-term chemical exposure. 
Assessing the microbiota-mediated effects of chemicals on immune cells, such as MAIT cells is 
a new research approach. Thus, model systems to study microbiota-mediated MAIT cell 






Figure 1. Graphical summary of topics addressed in the present PhD project. A – To investigate 
microbiota-modulating effects of chemicals suitable model systems for short- and long-term 
exposure of microbiota have been established. B – The concept of MAIT cell modulation via microbiota 
has been proven and then used in further analyses.  
The extended simplified human intestinal microbiota (SIHUMIx), a defined human intestinal 
model community, was established for bioreactor use since the low community complexity may 
allow the resolution of effects down to strain-level. By applying a multi-method approach, 
which combined analyses on the cellular, the protein, the DNA and the metabolic level, it was 
shown that SIHUMIx establishes reproducibly within the bioreactor system (publication 1). 
Starting at day five the community reached and maintained a constant state under undisturbed 
cultivation conditions (publication 1 and publication 2). After the successful establishment of 
SIHUMIx for bioreactor use, the effect of a short term drop in pH on the community during 
cultivation was investigated. This disturbance was used to determine the resistance and 
resilience of SIHUMIx against an unspecific, but severe perturbation. Metaproteomics revealed 
that SIHUMIx was barely affected on the taxonomic level, whereby on the single cell level 
(microbial flow cytometry) and the functional level (short-chain fatty acid profile) SIHUMIx 




state and thereby prove high resilience against the pH reduction (publication 1). In contrast, 
SIHUMIx showed high resistance against varying system retention times (publication 2). 
Similarly, SIHUMIx was only slightly affected by Bisphenol s exposure at 45 µM both on the 
taxonomic and functional level (publication 8). However, these experiments indicated, also due 
to the low complexity, that SIHUMIx is an appropriate model system to investigate the effects 
of chemicals on community taxonomy and function in detail.  
Both batch and continuous cultivation procedures have been utilized to assess the microbiota-
modulating properties of glyphosate. Exposure of Escherichia coli, Bifidobacterium 
adolescentis and Lactobacillus reuteri to 300 mg/L glyphosate during exponential growth in 
batch culture only showed minor effects on growth, riboflavin and folate biosynthesis 
(publication 4). During continuous cultivation, the effects of a high glyphosate concentration 
(900 mg/L) on the taxonomic and functional level of porcine microbiota were addressed by a 
multi-omics approach, including metaproteomics, 16S rRNA gene analysis, and untargeted as 
well as targeted metabolomics. Only slight effects on community function and no changes on 
the taxonomic level were observed (publication 6). In this context a sensitive method for 
glyphosate quantification from bioreactor liquids has been established (publication 5).  
Furthermore, the effects of the most common bisphenols, bisphenol A, bisphenol F and 
bisphenol S, have been compared in batch culture using the bacterial single strains Bacteroides 
thetaiotaomicron and Escherichia coli as well as human fecal microbiota. Only at the highest 
bisphenol concentration microbial growth, viability and metabolism were affected, whereby all 
microbiota showed individual susceptibility toward bisphenol exposure. However, the 
microbiota-modulating properties of bisphenol A were strongest and those of bisphenol S 
weakest (publication 7). 
In a proof-of-concept experiment microbial acid stress of SIHUMIx was linked to a decreased 
MAIT cell activating potential, which was mediated by a reduced availability of riboflavin. In 
contrast, the ability of SIHUMIx to activate MAIT cells was associated with undisturbed 
cultivation. More factors were identified that determine the strength of MAIT cell activation in 
vitro. I.e., microbial diversity and community compositions affected the MAIT cell activating 




mediated MAIT cell modulating effects of glyphosate and chlorpyrifos were investigated in 
batch culture. Chlorpyrifos, but not glyphosate did alter the MAIT cell activating potential of 
Escherichia coli, Bifidobacterium adolescentis and Lactobacillus reuteri at the tested 
concentrations (publication 4). Furthermore, bisphenol A, bisphenol F and bisphenol S were 
shown to affect microbial metabolism of Bacteroides thetaiotaomicron, Escherichia coli as well 
as human fecal microbiota at the applied concentrations. Though an altered MAIT cell- 
activating potential was only observed for the bacterial single strains, the MAIT cell activating 
potential on the fecal microbiota was not affected (publication 7).  
With this PhD project the methodological groundwork was laid for the cultivation of complex 
intestinal microbiota to assess the microbiota-modulating effects of environmental chemicals. 
Besides, this work has applied established model systems to determine the modulating effects 
of glyphosate, chlorpyrifos and bisphenols on microbiota and potentially associated effects on 
MAIT cell activation and thereby prove suitable to investigate the adverse effects of 
environmental chemicals on intestinal microbiota and immune cells. The utilization of these 
model systems may facilitate chemical risk assessment regarding adverse effects on intestinal 










1.1 The human intestinal microbiota  
Defining the healthy human microbiota  
The intestinal microbiota, similar to the microbiota at other body sites, co-evolved with the 
human host (Ley et al., 2008). The human microbiota encompasses all microorganisms that live 
in mutualistic relationship in and on the human body, but also pathogenic, pathobiontic and 
opportunistic representatives can inhabit the microbiota. Already at the beginning of the 20th 
century, microbiologist recognized the importance of the intestinal microbiota for health and 
disease (Kendall, 1909). Primary intestinal pathogens, such as Salmonella enterica subsp. 
enterica or Vibrio cholerae, directly upon infection cause symptoms also in healthy individuals 
(Perez-Lopez et al., 2016). Pathobionts cover members of the intestinal microbiota like 
Clostridium difficile and Helicobacter pylori, whereby opportunistic pathogens are acquired 
from the environment and can endure for years within the host intestine without causing 
symptoms, e.g. Listeria monocytogenes (Chow et al., 2011; Manges et al., 2016; Perez-Lopez et 
al., 2016). Similarly, pathobionts and opportunists become symptomatic in immune-
compromised individuals (Perez-Lopez et al., 2016).  
Only since recently humans are considered as superorganisms living in mutualistic symbiosis 
with their microbial counterpart (Bäckhed et al., 2005; Ley et al., 2006). In mutualistic 
relationships, both the human host and the microbiota itself benefit from each other, a 
consequence of the continuing co-evolution (Ley et al., 2008). In the intestinal tract, the 
microbiota came upon a warm and nutrient-rich ecosystem. Simultaneously, the host acquired 
the microbial enzyme-repertoire that is helpful for digestion, whereby the microbes itself are 
important for immune system education (Maynard et al., 2012). The human intestinal 
microbiota encompasses the microbiota of the complete intestinal tract with a major focus on 
the densely populated regions, the small and the large intestine (Figure 2). 
 
 




Figure 2. The human intestinal tract. The sections of the human intestinal tract differ with regard to 
luminal pH and microbial biomass. Starting from the stomach the pH increases down to the ileum and 
then slightly decreases in the colon. The microbial biomass increases and reaches a maximum in the 
colon. Figure adapted from (Walter and Ley, 2011).  
Physiological parameters, such as pH and transit time, support digestion and thus nutrient 
availability for the host and thereby influence the microbial density within the intestinal tract. 
The microbial density increases from the stomach to the colon. The colon is among the most 
densely colonized ecosystems on earth harboring an equal number of microbial cells compared 
to the human body (Bäckhed et al., 2005; Sender et al., 2016).  
Similar to other ecosystems, the intestinal microbiota can be described with ecological 
principles. These consider the intestinal community as a whole, whereby the communities at 
homeostasis maintain ecosystem function and service predominantly relevant for human 
health (Ley et al., 2006; Lloyd-Price et al., 2016; Relman, 2012). The intestinal microbiota relies 
on diversity and the stability properties resistance and resilience (Grimm et al., 1992; Levy et al., 
2017a; Lloyd-Price et al., 2016; Relman, 2012). Diversity defines the species richness and 
evenness of the intestinal microbiota and is directly associated with the community stability 
properties. Resistance and resilience are community properties that describe the ability of a 
community to withstand a perturbation or to recover after a perturbation ends (Grimm et al., 
1992; Levy et al., 2017a). 
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In combination with the longitudinal alterations within the intestinal microbiota taxonomy 
throughout life (Rajili -Stojanovi  et al., 2013), the existence of several healthy community 
states at equilibrium is anticipated (Levy et al., 2017a; Lozupone et al., 2012; Relman, 2012). 
These equilibrium states are dynamic as they undergo permanent changes (Sommer et al., 2017). 
The effect on the community upon perturbation depends on the intensity, the frequency and 
duration of the perturbation (Relman, 2012). When a perturbation exceeds the resistance and 
resilience of microbial community at equilibrium, the microbiota shifts to another equilibrium 
state.  
Such a shift can have beneficial, detrimental or neutral implications for the host. A healthy 
intestinal microbiota maintains a healthy functional state despite the various external and 
internal factors, which can also be weighed as minor perturbations (Lloyd-Price et al., 2016; 
Lozupone et al., 2012). Insofar the effect is detrimental for the host the community state moved 
toward a dysbiotic state. Dysbiotic microbiota differ from healthy microbiota to that they 
functionally contribute to disease following the Koch’s postulates (Levy et al., 2017a; Sommer et 
al., 2017; de Vos and de Vos, 2012). So far, the only consistency regarding dysbiotic microbiota is 
a loss of microbial diversity (Mosca et al., 2016). Most studies associate or correlate specific 
phenotypes to disease. Causal analysis, elucidating the effects of dysbiosis, are still 
shorthanded, though data is sparse albeit the number is increasing (de Vos and de Vos, 2012).  
Within the human population, more than 1000 species were shown to potentially colonize the 
human intestinal tract (Almeida et al., 2019; Lagier et al., 2016). Out of these thousands of species, 
on average ~160 species were observed per healthy individual (MetaHIT Consortium et al., 2010; 
Turnbaugh et al., 2007), which extend the host genome by the bacteria-encoded genes – the 
intestinal genome (microbiome). The intestinal microbiome exhibits > 150 times more genes 
than its human host (Bäckhed et al., 2005; MetaHIT Consortium et al., 2010). On the one hand 
the healthy intestinal microbiota shows astonishing variation across healthy individuals 
(Eckburg, 2005), on the other hand surprisingly high functional similarity (Lozupone et al., 
2012; MetaHIT Consortium et al., 2010; Turnbaugh et al., 2007). Over the last decade, thus 
scientist have moved from haunting the core gut microbiota, which aimed to identify individual 
species associated with health or disease, respectively, toward the identification of the healthy 
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gut microbiome, or being more specific, the functional core of healthy intestinal microbiota 
(Shafquat et al., 2014).  
A healthy intestinal microbiota supports the enzymatic repertoire of the host and exhibits 
specific functions. I.e., the microbiota protects from the invasion of pathogenic 
microorganisms, which is called colonization resistance, and relies on the competition of the 
commensal and invading microorganisms for the same nutrients (Belkaid and Hand, 2014; Van 
der Waaij et al., 1971). To date it is estimated that up to 50% of the functions bestowed from the 
intestinal microbiota remain unknown (Costello et al., 2009; Lloyd-Price et al., 2016), suggesting 
future research to further elucidate these functions and the host-microbiota-interactions.  
Factors that shape the intestinal microbiota 
Which factors and to what extent these factors shape the intestinal microbiota is still part of an 
ongoing debate (Blaser, 2017; Rothschild et al., 2018). The human host and the intestinal 
microbiota rely on each other in a mutualistic symbiosis due to the co-evolution (Ley et al., 2006, 
2008). By inhabiting the host and host behavior, the intestinal microbiota is shaped by a variety 
of internal and environmental factors (Figure 3).  
 
Figure 3. Factors that influence the intestinal microbiota. Internal factors such as host genetics, age 
and immune status affect the intestinal microbiota. Similarly, environmental factors like diet, 
mediaction, exposure to chemicals, stress and physical activity shape the intestinal microbiota.  
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E.g. host genetics, the aging process and the host immune system as a few examples constantly 
shape the intestinal microbiota (an vice versa, Goodrich et al., 2014; Org et al., 2015), whereby 
host genetics only play a minor role. Single nucleotide polymorphisms in mucin-encoding 
genes, e.g., can affect the intestinal microbiota composition in a bovine intestinal model, as the 
mucus composition favors growth of specialized mucus-degrading intestinal microbiota 
representatives (Fan et al., 2020). The host immune system controls intestinal colonization level 
by the secretion of secretory immunoglobulin A (sIgA), the most abundantly produced human 
antibody. SIgA then binds to the microbes, though the underlying mechanism are not fully 
understood (Pabst and Slack, 2020). Environmental factors associated with diet and lifestyle, 
such as medication, smoking, stress, physical activity etc., in a large part influence the 
composition of the intestinal microbiota (Rothschild et al., 2018). 
At birth, newborns initially come in contact to microorganisms. Humans acquire their 
microbiota by mixed-mode transmission, which combines vertical transmission from the 
mother and horizontal transmission from the environment (Shapira, 2016). The mode of 
delivery is one of the first factors influencing microbiota composition. After vaginal birth 
newborns harbor predominantly vaginal microbiota and in contrast, babies born by caesarian 
section are colonized with the mothers’ skin and oral microbiota (Bäckhed et al., 2015; 
Dominguez-Bello et al., 2010). The intestinal microbiota of vaginally born infants is initially 
high in E. coli, which then declines. Bifidobacterium sp. earlier colonize the infant gut at high 
abundances when born vaginally. In contrast, infants born by C-section showed a higher 
abundance of Klebsiella sp. and Enterococcus fecalium. Differences related to the mode of 
delivery perceived during the first months of life and declined within the first year of life (Chu 
et al., 2017; Reyman et al., 2019). The community functions adapt very early, presumably before 
extensive contact to other external factors start to shape community taxonomy (Chu et al., 2017; 
Kostic et al., 2015). Once infants start to take up more solid and more varied food, the microbiota 
successionally shifts towards an adult-like community state (Bäckhed et al., 2015; Conlon and 
Bird, 2014; Zhong et al., 2019) but does not reach adult-like configuration until the age of five 
(Cheng et al., 2016). Most importantly, the alpha-diversity, representing the number of 
observed species in the intestine, increases and the microbiota develops toward an individual-
specific microbiota (Cheng et al., 2016; Kostic et al., 2015; Zhong et al., 2019). However 
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community structure and function of the maturing intestinal microbiota can persistently be 
affected by various factors, such as the gestational age, the mode of delivery, breast-feeding vs. 
formula-feeding, and the duration of breast-feeding, the afterwards fed pre-school diet 
(Bäckhed et al., 2015; Blaser, 2017; Bokulich et al., 2016; Dethlefsen and Relman, 2011; Zhong et 
al., 2019).  
Urbanization also affect the intestinal microbiota by a higher level of sanitation, antibiotics use 
and simultaneously a lower level of outdoor activity. People grown up in city environments 
have less diverse microbiota and show a higher degree of inflammatory diseases (Tasnim et al., 
2017). In contrast, early-life exposure to environments high in microbiota, e.g. on a farm in rural 
areas with contact to soil, animals etc., was shown to increase children health and diversify the 
intestinal microbiota (Mosca et al., 2016). Horizontal transmission of microbiota from the soil 
environment might also increase gut microbial diversity (Zhou et al., 2016). Recent studies 
reported that house-hold sharing leads to an approximation of the intestinal microbiota 
composition (Rothschild et al., 2018). To date, the patterns of microbiota transmission from the 
environment to the intestine to date remains elusive (Tasnim et al., 2017). Concluding, a large 
variety of factors determines the establishment of the individual intestinal microbiota leading 
to a marked variation between individual. The majority of variation can be explained by 
ethnicity, age and geography (Deschasaux et al., 2018; Huttenhower et al., 2012; Tasnim et al., 
2017).  
Once established, individual-specific microbiota remain in an equilibrium state in healthy 
adults (Faith et al., 2013), with a stable and an unstable, fluctuating proportion (Shapira, 2016). 
Nevertheless, the intestinal microbiota undergoes constant changes during a life-time (Rajili -
Stojanovi  et al., 2013). The ingested diet is one of the most important environmental factors 
that permanently alters the intestinal microbiota composition and function (Gentile and Weir, 
2018; Shapira, 2016). Diet can quickly, on a daily time scale, affect microbial composition in the 
intestine (David et al., 2014) and thus is thought to account for the normal, longitudinal 
variation in the intestinal microbiota, but also for the inter-individual variation (Rajili -
Stojanovi  et al., 2013; Shapira, 2016). But also less obvious environmental factors like physical 
exercise (Mailing et al., 2019), physical and psychological stress (Karl et al., 2018) and life-style 
habits, such as smoking (Savin et al., 2018) act on the intestinal microbiota. 
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Since the industrial revolution, nutrition changed in the Western world including the United 
States, Canada and Western Europe. The intake of highly refined foodstuffs, such as grain flours, 
sugar and vegetable oils, as well as processed and animal-based food dramatically increased 
until today. Simultaneously, the consumption of coarse grains, fresh fruit and vegetables 
decreased. This lead to an elevated uptake of sugar, fat and animal products in the Western diet, 
parallel to a decreased fiber consumption, making the Western diet a high fat, high sugar, low 
fiber diet (Cordain et al., 2005; Popkin et al., 2012). However, since the 1990s, Western dietary 
patterns begun to spread in the developing and emerging countries, resulting in a 
Westernization in diet (Popkin et al., 2012).  
All macronutrients, carbohydrate, fat and protein, were shown to affect the microbial 
composition and function in the intestine, as the composition of available nutrients favor 
microbial species that are capable of their utilization (Gentile and Weir, 2018). A high fat diet e.g. 
increased the amount of lipopolysaccharide in the circulation, suggesting an increase in 
intestinal permeability (Conlon and Bird, 2014; Moreira et al., 2012). Moreover, high fat diet was 
shown to favor inflammation in the intestine and in parallel induces the expression of microbial 
genes necessary for conversion of primary bile acids into secondary bile acids. Together these 
events elevate the risk for colon cancer (O’Keefe et al., 2015). Elevated protein levels from an 
animal-based diet are considered beneficial. These proteins deliver essential amino acids to the 
host and serve as nitrogen source for the intestinal microbiota (Conlon and Bird, 2014). In turn, 
the microbiota is capable of synthesizing beneficial metabolites from these amino acids, such as 
indoles and phenols, but also toxic metabolites like N-nitroso compounds, which can elevate 
cancer risk (Gentile and Weir, 2018). Dietary carbohydrates are the best studied macronutrients 
and can be divided in simple and complex carbohydrates. Simple carbohydrates include both 
mono- and oligo-saccharides, like glucose, fructose or sucrose. These simple carbohydrates are 
almost completely absorbed in the small intestine delivering energy to the host (Flint et al., 
2012). Complex carbohydrates, or more specifically microbiota-accessible carbohydrates 
(MACs), such as resistant starch, xylan, pectin or arabinose cannot be digested by the human 
host (Kaoutari et al., 2013; Sonnenburg and Sonnenburg, 2014). The intestinal microbiota 
facilitates the digestion of these otherwise non-digestible MACs, for which humans lack the 
enzymatic repertoire (Ley et al., 2006; Sonnenburg and Sonnenburg, 2014). Thus, MACs pass 
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the small intestine and reach the colon for microbiota-facilitated degradation (Flint et al., 2012). 
For the specialized colonic microbiota, MACs resemble the most important energy source (Flint 
et al., 2012; Gentile and Weir, 2018). This reflects in an enrichment of genes from carbohydrate 
metabolism in commonly observed functions, encompassing 24% of the observed genes in adult 
colonic microbiota (Kurokawa et al., 2007). For energy supply, the colonic microbiota stepwise 
hydrolyze MACs into monosaccharides, which are afterwards fermented to essential, 
functional metabolites, the short-chain fatty acids (SCFAs, Cummings, et al., 1987). The most 
abundant SCFAs found in the colon are acetate, propionate and butyrate in decreasing 
concentration, representing 95% of the synthesized SCFAs (Ríos-Covián et al., 2016). Various 
bacteria can produce acetate, whereas propionate and butyrate synthesis is restricted to specific 
bacterial species (Louis et al., 2007; Reichardt et al., 2014). For SCFA synthesis, the microbiota 
rely on cross-feeding within the community and especially acetate is essential for butyrate 
production (den Besten et al., 2013a). Furthermore, caproate and branched short-chain fatty 
acids (BSCFAs) are produced. BSCFAs, such as isobutyrate, isovalerate, and 2-methylbutyrate, 
are synthesized from the branched amino acids valine, leucine and isoleucine (Rios-Covian et 
al., 2017). Estimated 95% of SCFAs and BSCFAs are instantly absorbed by the epithelium for 
utilization by the host (Roy et al., 2006). Indicating that SCFAs are important players in the 
mutualistic relationship between host and microbiota (Gentile and Weir, 2018).  
Shifting the diet, e.g., toward lower MAC concentrations instantly resulted in a reduced 
production of SCFAs (David et al., 2014) and a loss of taxa from the intestinal microbiota. This 
loss of microbial diversity only partially recovered after return to a high MAC diet. Of far greater 
concern is that an altered microbiota could be inherited to future generations by vertical 
transmission during birth. This might at least partially explain the loss of microbial diversity in 
the Westernized world (Sonnenburg et al., 2016) and the increase of chronic inflammatory 
diseases (Hand et al., 2016). Especially inflammatory bowel disease is characterized by a loss of 
microbial diversity and, due to a starving microbiota that is caused by MAC restriction, 
extensive mucus-degradation (Gentile and Weir, 2018).  
Accordingly, several factors have a profound impact on the intestinal microbiota composition 
and function. Perturbations, especially during crucial developmental stages, might pave the way 
for the initiation of chronic inflammatory diseases, which are an increasing health concern 
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(Blaser, 2017; Hand et al., 2016). A healthy intestinal microbiota is essential for host 
development, as the intestinal microbiota affects human health in various ways (Shapira, 2016). 
The intestinal microbiota influences the human host  
There is a bi-directional dialog between the host and the intestinal microbiota (Maynard et al., 
2012). Most obvious, the intestinal microbiota protects the host from the invasion of pathogenic 
microorganisms, which is termed colonization resistance (Van der Waaij et al., 1971). Due to the 
enormous genetic potential of the microbiota (MetaHIT Consortium et al., 2010), metabolic 
processes of the microbiota affect the host, which is mediated by small molecules or metabolites 
(Li et al., 2018b; Oliphant and Allen-Vercoe, 2019). Approximately 50% of metabolites detected 
in feces and urine are modified by or derive from the intestinal microbiota (Zheng et al., 2011).  
Metabolic processes encompass the de novo synthesis of metabolites and the modulation of 
host-metabolites and xenobiotics  (Blacher et al., 2017; Collins and Patterson, 2020; Koppel et 
al., 2017; Spanogiannopoulos et al., 2016). Bioactive representatives thereof are involved in a 
variety of host processes as well as mucosal and systemic immune maturation (Figure 4, Blacher 
et al., 2017).  




Figure 4. The intestinal microbiota is essential for metabolite synthesis and modification. The huge 
microbial enzymatic repertoire in the intestine facilitates the de-novo synthesis and the modification 
of metabolites, which can derive from the host, diet, medication or environmental chemicals.  
The intestinal microbiota produces a variety of metabolites de novo. Short-chain fatty acids 
(SCFAs) are an important microbiota-derived metabolite group with various functions in the 
human host. By the de novo production of SCFAs, such as acetate, propionate and butyrate, the 
microbiota lowers the colonic pH preventing overgrowth of pH-sensitive microorganisms e.g. 
from the genera Clostridia or Enterobacteria, which also include pathogenic members (den 
Besten et al., 2013b). Furthermore, SCFA resemble an important energy source for the intestinal 
epithelial cells, with butyrate being the most important SCFA there (Hague et al., 1996). 
Moreover, SCFAs provide energy for the host in more distant organs, such as the liver, the heart 
and kidneys and affect host metabolism in the periphery and the immune system (den Besten et 
al., 2013b). Microbiota-derived bacteriocins regulate the microbiota composition and eliminate 
pathogens and some microbiota derived amino acids and vitamins constitute other bioactive 
metabolites (Li et al., 2018b). Vitamins are essential for the host and consequently have to be 
supplied exogenously (LeBlanc et al., 2013). They either derive from the diet or are synthesized 
de novo by prototrophic members of the intestinal microbiota. The microbiota, especially lactic-
acid bacteria and Bifidobacteria, predominantly supplies the host with vitamin K and water-
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soluble B-group vitamins (Hill, 1997). Furthermore, vitamins are cross-fed with auxotrophic 
species in the gut, which cannot produce these vitamins themselves (Magnusdottir et al., 2015; 
Rodionov et al., 2019). B-group vitamins are essential co-factors for enzymes involved in a 
variety of metabolic processes (LeBlanc et al., 2017). Riboflavin e.g. is essential for the 
conversion into flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD, Gutiérrez-
Preciado et al., 2015; García-Angulo, 2017). FMN and FAD serve as co-factors in flavoenzymes 
and thus are essential for energy metabolism, oxidative stress response or the activation of other 
vitamins in the microbiota, but also in the host (García-Angulo, 2017). Moreover, riboflavin and 
folate are recognized by specialized immune cells, the mucosal-associated invariant T cells 
(Kjer-Nielsen et al., 2012). But also other vitamins, such as vitamin A and vitamin D, can 
modulate the immune system (Mora et al., 2008).  
In addition to the de novo synthesis of metabolites, the intestinal microbiota modulates dietary 
metabolites, e.g. tryptophan, xenobiotics and host metabolites such as primary bile acids into 
bioactive compound. Bile acid (BA) metabolism follows a cyclic process of production, transport 
and recycling termed enterohepatic circulation. Primary bile acids (BAs), such as cholate or 
chenodeoxycholate, are synthesized in a multi-enzyme reaction in the liver (Singh et al., 2019; 
Wang et al., 2018). From there, primary BAs are secreted and collected in the gall bladder for bile 
formation. Bile comprises of 67% BAs, phospholipds and cholesterol in the soluble fraction as 
well as bile pigments (de Aguiar Vallim et al., 2013), which are then secreted into the duodenum 
in mixed micelles (Jia et al., 2018). There, BAs facilitate the resorption of lipids and fat-soluble 
vitamins due to their amphiphatic properties and are involved in various metabolic processes 
and BA- and bilirubin excretion (de Aguiar Vallim et al., 2013). Due to their antimicrobial 
properties BAs can alter the microbiota composition and, in turn, the microbiota affects the BAs 
pool (Jia et al., 2018; Wang et al., 2018) by the production of secondary BAs by structural 
conversion of primary BAs (Ridlon et al., 2006). The majority of BAs are absorbed in the distal 
ileum and transported back to the liver, where they are recycled (Jia et al., 2018). BAs bind to a 
variety of receptors for down-stream signaling, like the intestinal farnesoid X receptor (FXR), 
pregnane X receptor (PXR), constitutive androstane receptor (CAR), vitamin D receptor and the 
G-protein coupled receptor TGR5, whereby the intestinal microbiota was shown to potentiate 
BA-signaling through the two most important BA-receptors FXR and TGR5 (Jia et al., 2018). 
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Both these receptors are expressed by immune cells, such as monocytes, macrophages or NKT 
cells, and BAs also influence mucosal homeostasis and inflammation in the intestine (Chen et 
al., 2019; Schubert et al., 2017). 
Xenobiotics denote foreign compounds, such as pharmaceuticals, food additives or 
environmental chemicals that potentially contaminate our food or drinking water (Collins and 
Patterson, 2020; Koppel et al., 2017; Spanogiannopoulos et al., 2016). Modulation of 
pharmaceuticals was observed already one century ago (Colebrook, 1936) and today it is 
approved that the microbiota interferes with pharmacokinetics in various ways. The microbiota 
inactivates pharmaceuticals, like Digoxin or L-DOPA, or activates xenobiotics into the bioactive 
compound as it has been proved for Prontosil and cyclamate (Koppel et al., 2017; 
Spanogiannopoulos et al., 2016). Similarly, the microbiota may toxify or detoxify environmental 
chemicals that enter the human body and thus be beneficial or harmful for the host (Collins and 
Patterson, 2020). However, the inter-individual variation of the intestinal microbiota can 
attribute for differences in enzyme activity and thus for the different susceptibility of 
individuals to pharmaceuticals or environmental chemicals (Spanogiannopoulos et al., 2016).  
Some metabolites also influence more distal parts of the host, like the central nervous system, 
or the immune system in a bi-directional cross talk between the microbiota and immune system 
components (Blacher et al., 2017; Sharon et al., 2016).  
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The connection between intestinal microbiota, chronic inflammatory 
diseases and MAIT cells 
Multifactorial immunologic chronic diseases (CIDs), such as IBD, T2D, obesity, or multiple 
sclerosis (MS), are of rising global concern (Hand et al., 2016). E.g. inflammatory bowel diseases 
(IBD) evolved in the US and in parts of Europe in the 
elderly population before 1940 simultaneous to 
industrialization (Figure 5. Global incidence of 
inflammatory bowel disease (IBD) before 1940, in 
1970 and in 2015. The incidence of chronic 
inflammatory diseases, such as IBD increased 
especially in the Westernized World.2013a). Since 
then, the incidence of IBD among the total 
population started to increase in industrialized 
countries of North America, Europe and Oceania. 
Today IBD is a public health burden in the 
industrialized Western world as well as in newly 
industrialized countries around the globe, with still 
rising incidence (Kaplan, 2015; Kaplan and Ng, 
2017; Ng et al., 2017). Similarly, the incidence and 
prevalence of other multifactorial, chronic 
inflammatory diseases (CIDs), such as Type II 
diabetes (T2D), obesity, and multiple sclerosis (MS) 
evolve in parallel to industrialization (Blüher, 2019; 
Filippi et al., 2018; Zheng et al., 2018). Especially for 
IBD and MS etiology is not fully understood, but 
scientist agree that genetic predisposition together 
with the impact of environmental and immunological factors initiate disease onset and promote 
disease progression (Kaplan, 2015; Milo and Kahana, 2010; Van Kaer et al., 2019).  
Patients suffering from CIDs possess less diverse intestinal microbiota (Blüher, 2019; Jangi et 
al., 2016; Manichanh et al., 2012; Turnbaugh et al., 2009; Zheng et al., 2018), but it is not clear 
Figure 5. Global incidence of inflammatory 
bowel disease (IBD) before 1940, in 1970 and 
in 2015. The incidence of chronic 
inflammatory diseases, such as IBD
increased especially in the Westernized 
World.   
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whether the reduced diversity is cause or consequence (Maynard et al., 2012). Furthermore, the 
epithelial barrier in CIDs frequently is impaired, resulting in increased intestinal permeability 
termed leaky gut syndrome (Mu et al., 2017). Interestingly, mucosal-associated invariant T 
(MAIT) cells are involved in the CIDs, though their actual role and function still have to be 
elucidated.
1.2 The human immune system 
The distinction between adaptive and innate immunity is blurred 
Since all living organisms have to fight pathogens, suitable defense systems evolved with innate 
immunity being evolutionary old compared to the adaptive immunity (Figure 6, Suckale et al., 
2005).  
 
Figure 6. Overview of innate, innate-like and adaptive immune cells. The human immune system 
comprises of an innate and an adaptive arm of immunity and the functions are orchestrated by 
corresponding immune cells. Since recently, this classification has been extended by innate-like 
immune cells, which have both innate and adaptive properties.  
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Innate immune responses rely on the recognition of pathogen- or more correctly microbe-
associated molecular patterns (PAMPs, MAMPs, Koropatnick, 2004) via pattern recognition 
receptors (PRRs, Janeway, 1989). In humans, these PRRs are primarily expressed by phagocytic 
cells, such as granulocytes, natural killer (NK) cells, monocytes, macrophages and dendritic cells 
(DCs), of which macrophages and DCs represent professional antigen-presenting cells (APCs, 
Lanier and Sun, 2009; Takeuchi and Akira, 2010). PRRs engagement elicits a pattern-specific 
response within hours to eliminate the invading pathogens (Medzhitov and Janeway, 1997). In 
contrast, adaptive immunity is an evolutionary new characteristic (Flajnik and Dupasquier, 
2004; Pancer and Cooper, 2006). Adaptive immune responses are facilitated by circulating 
bone-marrow (B)- and thymus (T)-derived lymphocytes and mediate cellular and humoral 
immunity (Pancer and Cooper, 2006). These cells mediated processes take more time for 
pathogen elimination, but are more specific. T and B cells express antigen-specific receptors, the 
B-cell (BCR) and the T-cell receptor (TCR), respectively. Due to the rearrangement of VDJ gene 
segments in the TCR and immunoglobulin gene locus both receptors show increased diversity 
and in sum can recognize a much higher number of antigens than PRRs (Flajnik and Dupasquier, 
2004; Pancer and Cooper, 2006). Upon specific antigen presentation and binding, B cells and T 
cells, insofar required co-stimuli are available, are activated and then expand clonally to 
eliminate the pathogen and to generate immunological memory. This immunological memory, 
in case of a repeated antigen recognition, is much faster and more efficient in the elimination of 
the pathogen (Dranoff, 2004, 2005). 
However, the concept of a distinct innate and adaptive arm of immunity becomes blurred by the 
discovery of innate-like immune cells (Flajnik and Dupasquier, 2004; Lanier and Sun, 2009). 
Naïve innate-like lymphocytes exhibit properties of effector cells by two means. First, these cells 
express activation and memory markers and second they rapidly exert effector function after 
stimulation, such as cytokine release or cytotoxic activity (Lanier and Sun, 2009). To date, most 
innate or adaptive immune cells have an innate-like counterpart, like B1 cells, NKT cells, γδ T 
cells or mucosal-associated invariant T (MAIT) cells (Dranoff, 2004; Lanier and Sun, 2009; Van 
Kaer et al., 2019). Among these innate-like immune cells the antigen receptor is denoted 
unconventional, because antigen-binding is more restricted compared to conventional T cells 
due to non-peptide antigen binding (Lanier and Sun, 2009). 
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MAIT cells are a particular innate-like T cell subset 
MAIT cells are an evolutionary conserved, innate-like T cell subset, of which the majority is CD8 
positive (Treiner et al., 2003, 2005). Combining innate and adaptive properties, these cells 
exhibit an effector-memory phenotype (Dusseaux et al., 2011) and have the ability to directly kill 
infected cells (Gold et al., 2010). Furthermore, MAIT cells can immediately exert effector 
functions, such as secretion of cytokines and cytotoxic molecules, upon antigen or cytokine 
recognition (Figure 7, Kawachi et al., 2006; Kurioka et al., 2015; Le Bourhis et al., 2010).  
 
Figure 7. MAIT cell activation. MAIT cells can be activated MHC I-related protein 1 (MR1)-dependent, i.e. 
by the recognition of microbial riboflavin (vitamin B2) metabolites after presentation on MR1. In 
addition, MAIT cells can be activated in a cytokine dependent manner by the recognition of interleukine 
(IL)-12 and IL-18. Upon activation, MAIT cells proliferate and exert effector functions. I.e., the secret 
pro-inflammatory cytokines like TNF, IFNγ and IL-17 and cytotoxic molecules, such as granzymes or 
perforines. 
Antigen presentation to MAIT cells is mediated via a non-classical major histocompatibility 
complex (MHC) class I molecule (denoted MHC class Ib), i.e. the MHC class 1-related protein 1 
1.2 The human immune system 
 
17 
(MR1). The Mr1 gene is expressed in all cell types (Huang et al., 2005) and this gene is highly 
conserved among mammals (Hashimoto et al., 1995; Riegert et al., 1998). Simultaneously, the 
MAIT cell T cell receptor (TCR) is restricted to MR1 and likewise shows high evolutionary 
conservation. The majority of MAIT cells express the semi-invariant alpha chain 7.2 (TCR 
vα7.2), which is encoded by the TRAV1-2 gene (TRAV1-2+ MAIT cells, (Gherardin et al., 2016; 
Kurioka et al., 2015; Tilloy et al., 1999). These MAIT cells recognize microbial metabolites from 
the riboflavin (vitamin B2) biosynthesis pathway in a MR1-dependent manner. However, a 
small fraction also recognizes folate (vitamin B9) metabolites after presentation on MR1 in vitro 
(Corbett et al., 2014; Eckle et al., 2015; Gherardin et al., 2016; Kjer-Nielsen et al., 2012). In vitro 
studies showed that the riboflavin precursors 5-(2-oxopropylideneamino)-6-D-
ribitylaminouracil (5-OP-RU) and 5-(2-oxoethylideneamino)-6-D-ribitylaminouracil (5-OE-
RU) activate MAIT cells, whereas the folate derivate 6-formylpterin (6-FP) and its synthetic 
analogue N-acetyl-6-formylpterin (Ac-6-FP) inhibit MAIT cell activation (Corbett et al., 2014; 
Kjer-Nielsen et al., 2012). In addition, MAIT cells can be activated MR1-independent in a 
cytokine-dependent manner via IL12 and IL18 (Ussher et al., 2014; Wilgenburg et al., 2016). 
In the human body, MAIT cells reside at mucosal or barrier sites e.g. in the gut lamina propria 
(Treiner et al., 2003), the lung (Hinks et al., 2016), the female genital tract (Gibbs et al., 2017) and 
the skin (Teunissen et al., 2014). The localization of MAIT cell at barrier sites together with their 
ability to recognize and respond to microbial metabolites suggests a key role in host-
microbiota-immune homeostasis (Napier et al., 2015). Furthermore, in humans MAIT cells 
account for to up to 10% of circulating T cells in peripheral blood (Tilloy et al., 1999) and with up 
to 50% of T cells they are common liver T cells (Dusseaux et al., 2011). Due to their high 
abundance in the liver, MAIT cells are suggested to contribute to the first line of defense against 
invading microorganisms especially from the intestine (Kurioka et al., 2016; Toubal et al., 2019), 
but their role in immunity still remains unclear (Godfrey et al., 2019). Recent research has 
focused on the MAIT cell activating potential of individual commensal and pathogenic 
microorganisms (Le Bourhis et al., 2013; Dias et al., 2017; Tastan et al., 2018). From these former 
studies it was assumed that microbial infections, and not commensal microbiota, trigger 
inflammation and thereby induce the entire repertoire of MAIT cell effector function (Tastan et 
al., 2018). Though, MAIT cells are not able to differentiate between commensal and pathogenic 
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bacteria due to antigen recognition and very little is known about the interaction of MAIT cells 
and commensal microbiota (Berkson and Prlic, 2017). However, fine-tuning of MAIT cell 
proliferation and effector functions, depending on location and stimuli, are suggested 
(Ghazarian et al., 2017).  
Recent findings point out that MAIT cell frequency is reduced in the peripheral blood of patients 
suffering from autoimmune, allergic or inflammatory disorders. In parallel, MAIT cell 
activation and exhaustion is increased (Godfrey et al., 2019; Toubal et al., 2019). Furthermore, 
these patients show changes in gut homeostasis, including gut immunity, intestinal 
permeability and a loss host of microbial diversity (Toubal et al., 2019).  
The reciprocal interaction between the intestinal microbiota and the 
immune system 
Immunological research, in particular with regard to the intestinal microbiota, focused for a 
long time on infectious microorganisms (Gill and Finlay, 2011). However, most host-microbe-
interactions at barrier sites of the body are mutualistic and do not relate to infectious disease 
(Koropatnick, 2004). It has been proposed that the vertebrate adaptive immune system co-
evolved with its intestinal microbiota not to restrict microbial colonization, but to allow 
microbial colonization (McFall-Ngai, 2007). It was shown that the bi-directional host-
microbiota-interactions peak in the interplay between the mutualistic microbiota and the 
immune system (Gill and Finlay, 2011; Hooper et al., 2012; Maynard et al., 2012). Intestinal 
mucosal immunity on the one hand has to limit the exposure of host tissue to intestinal 
microbiota, while on the other hand nutrient uptake has to be facilitated by reciprocal 
interactions to maintain intestinal homeostasis (Maynard et al., 2012). 
The mucosal firewall is a layered defense system and comprises of the mucus layer, the highly 
responsive epithelium and the underlying tissues including various types of immune cells 
(Figure 8, Macpherson et al., 2009; Mowat and Agace, 2014).  




Figure 8. The intestinal mucosa in homeostasis. The intestinal microbiota and the mucosal tissue are 
physically separated by the epithelial and the mucus layer. The mucus layer is maintained by 
specialized mucus-secreting Goblet cells. Paneth cells are located in the epithelial crypts and secret 
antimicrobial peptides (AMP) to prevent microbial invasion. Epithelial M cells transcytose antigen to 
dendritic cells (DCs) that reside in the Payer’s patches. Simultaneously, dendritic cells (DCs) sample 
antigen from the luminal content. After antigen recognition DCs interact with B and T cells in the gut-
associated lymphoid tissues. B cells then differentiate into Ig A producing plasma cells and the 
secretory (s)IgA is trancytosed into the intestinal lumen affecting colonization levels. In addition, 
macrophages defend the mucosal tissue against invading microbes. 
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Following a standardized terminology (Brandtzaeg et al., 2008) inductive and effector sites of 
the mucosal immune system can be determined (Brandtzaeg and Pabst, 2004; Maynard et al., 
2012; Mowat and Agace, 2014). The inductive sites, i.e. the sites of lymphocyte stimulation, 
include the mucosa-associated lymphoid tissues (MALTs), which are Payer’s patches in the 
small intestine, isolated lymphoid follicles (ILF) and mesenteric lymph nodes (MLN). MALTs are 
subdivided regarding the anatomical region in the body, and thus are termed gut-associated 
lymphoid tissue (GALT) in the intestine (Brandtzaeg and Pabst, 2004; Brandtzaeg et al., 2008). 
Mucosal effector sites are formed by histological distinct compartments and comprise of the 
lamina propria (LP) and the epithelium with all the immanent effector immune cells 
(Brandtzaeg and Pabst, 2004; Mowat and Agace, 2014). The epithelium is formed by absorptive 
enterocytes and specialized enterocytes with distinct functions. Goblet cells, a type of 
specialized enterocytes, secret mucin glycoproteins that form the mucus layer (Knoop and 
Newberry, 2018). Mucin secretion is stimulated by butyrate, a stimulus from the healthy 
microbiota (Levy et al., 2017b; Maynard et al., 2012). The mucus layer physically separates the 
bacteria-dense lumen from the host epithelium and due to structural properties, on the one 
hand, toxic properties of some mucin glycoproteins in the other hand, the basal part of mucus 
layer remains sterile (Knoop and Newberry, 2018; Maynard et al., 2012; Mowat and Agace, 2014). 
Moreover, enterocytes, entero-endocrine cells and Paneth cells in the small intestine secrete 
antimicrobial peptides (AMPs) into the mucus layer to eliminate microbes and hence to keep the 
epithelium-close mucus layer sterile. Furthermore, epithelial cells transcytose secretory 
immunoglobulin A (sIgA) that eliminates invading microbes from the epithelium-close mucus 
layer. Both these mechanisms together shape the composition of the intestinal microbiota 
(Macpherson et al., 2009; Mukherjee and Hooper, 2015). When intestinal microbiota overcome 
the intestinal barrier, the abundant LP macrophages eliminate these microbes by phagocytosis 
(Macpherson et al., 2009). To this end, the immune system driven influences on intestinal 
homeostasis have been described. However, in this bi-directional cross talk, the microbiota 
modulates immune cells via a variety of microbial metabolites (Figure 9, Blacher et al., 2017; 
Levy et al., 2017b). 




Figure 9. Microbial metabolites affect the immune system. Microbiota-derived metabolites, such as 
short-chain fatty acids (SFCAs), bile acids and vitamin B metabolites can modulate the intestinal 
immune response by interactions with immune cells or the epithelium. Adapted from Levy et al., 2017b. 
SCFAs are the best-studied group of microbial metabolites with respect to their interactions in 
the intestine. They are an energy source for enterocytes, with butyrate being the most important 
SCFA for energy supply. Furthermore, butyrate induces proliferation and secretion of 
antimicrobial peptides (AMPs) by enterocytes (Corrêa-Oliveira et al., 2016) and modulates the 
effector functions and affects survival of neutrophils (Rodrigues et al., 2016). Butyrate also 
renders the effector functions of macrophages toward an anti-inflammatory cytokine response 
(Corrêa-Oliveira et al., 2016). SCFAs modify the antigen-presenting properties of both, 
macrophages and DCs (L. Millard et al., 2002). The effects of SCFA are not restricted to cells from 
the innate arm of immunity. E.g., it was shown that SCFAs promote the differentiation of naïve 
T cells to regulatory T cells (Treg) and other types of effector cells (Corrêa-Oliveira et al., 2016). 
Other microbiota-derived metabolites also affect the epithelium or other immune cells. Bile 
acids, e.g., were shown to induce the production of IL-18 via NLRP6 and thus contribute to 
intestinal homeostasis (Blacher et al., 2017). In addition, microbial vitamin metabolites from the 
riboflavin and folate biosynthesis pathway can activate or inhibit MAIT cell activation in vitro 
and cytokine-mediated MAIT cell activation by IL-18 and IL-12 was reported (Kjer-Nielsen et 
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al., 2018; Wilgenburg et al., 2016). However, the influences of the intestinal microbiota via 
microbial metabolites is far from being understood. Nevertheless, it is obvious that an altered 
microbiota can have down-stream effects on immune system functions. Besides diet-induced 
alterations, the intestinal microbiota might be affected by the acute and chronic exposure to 
environmental chemicals (Licht and Bahl, 2019).   
1.3 The risk of chemical exposure to human health 
Chemical risk assessment in the European Union 
8.3% of all deaths were estimated to be caused by exposure to environmental chemicals in 2004 
(https://www.who.int/gho/phe/chemical_safety/en/ 22.06.2020, 22:05). With the aim to 
minimize adverse effects on human health and the environment, the European Union (EU) 
adopted the REACH regulation (Regulation (EC) No 1907/2006) in 2007 for chemical risk 
assessment. REACH governs the Registration, Evaluation, Authorization and Restriction of 
Chemicals (European Chemicals Agency, 2017) and applies to all chemicals that are used within 
the EU. Since 2009, more than 100 000 chemicals have been registered with REACH, which 
represents 97% of used and 99% of manufactured chemicals (Hartung and Rovida, 2009). 
However, the number of chemicals on the market as well as the amount of produced chemicals 
per year will continue to increase (Wilson and Schwarzman, 2009). 
Chemicals with use at quantities >1 ton per year have to be registered at the European Chemicals 
Agency (ECHA). Therefore, physico-chemical, toxicological and eco-toxicological chemical 
properties, the chemicals’ application, risk assessment as well as risk management plans have 
to be provided in registration dossiers (European Chemicals Agency, 2017). For risk assessment, 
in vitro and in vivo tests have to be conducted according to the production/import quantity 
(Figure 10, https://echa.europa.eu/regulations/reach/registration/information-requirements, 
23.06.2020, 0:28). 




Figure 10. Overview on tests for risk assessment with REACH. Depending on the production volume 
the REACh regulation demands in vitro and in vivo tests for chemical risk assessment according to the 
OECD testing guidelines. 
The evaluation process includes the evaluation of data completeness by ECHA. Another 5% of 
registration dossiers are evaluated regarding dossier quality, though the percentage of 
evaluated dossiers shall increase. Until 2023 20% of chemicals >100 tons/year and by 2027 20% 
of chemicals <100 tons/year are supposed to be evaluated (COMMISSION REGULATION (EU) 
2020/507, 7 April 2020). For selected chemicals, i.e. high risk, high exposition and high volume 
chemicals, a detailed substance evaluation is performed in compliance with EU member states 
with higher priority (chemicals listed on Community Rolling Action Plan – CoRAP, 
https://echa.europa.eu/de/information-on-chemicals/evaluation/community-rolling-action-
plan/corap-table, 23.06.20, 10:49). After evaluation, the ECHA identifies substances of very high 
concern (SVHCs), which are then listed on the candidate list of SVHC (REACH Annex XIV) for 
authorization (http://echa.europa.eu/candidate-list-table, 23.06.20, 11:17) or which are listed on 
the list of restricted substances (REACH Annex XVII, https://echa.europa.eu/de/substances-
restricted-under-reach, 23.06.20, 11:23). The utilization and the import of SVHC chemicals from 
the candidate list have to be authorized by the ECHA upon an authorization request.  
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Following this procedure, the ECHA evaluated 274 chemicals in 2018 
(https://echa.europa.eu/de/dossier-evaluation-progress-2018, 23.06.20, 10:23), which is 
0.0027% of all registered chemicals. Regarding the high number of chemicals registered within 
the EU and the comparable low throughput of chemicals evaluated per year, the challenges 
deriving from REACH have been underestimated (Hartung and Rovida, 2009). Already before 
REACH, assessment of the OECD test guidelines (https://echa.europa.eu/de/support/oecd-eu-
test-guidelines, 23.06.20, 12:43) applied with REACH revealed that these need to be updated to 
meet the current state of knowledge (Combes et al., 2004). Combes et al. (2004) claim that the 
whole process of toxicity analysis could be improved and made more efficient (Combes et al., 
2004). Alike the US environmental protection agency (EPA), the ECHA should replace 40-year-
old OECD test guidelines by suitable high-throughput methods (Hartung and Rovida, 2009).  
Screening the OECD test guidelines shows that chemical effects on the intestinal microbiota and 
the immune system are not considered. Recently, the influence of non-caloric artificial 
sweeteners, which pass the intestine unmodified and thus come into contact with the intestinal 
microbiota, has been evaluated (Suez et al., 2014). The authors observed shifts in the 
composition and function of murine intestinal microbiota, resulting in glucose intolerance. 
Similarly, microbiota modifications associated with the consumption of non-caloric artificial 
sweeteners were observed in humans (Suez et al., 2014). Other studies showed that also 
pharmaceuticals influence the physiology, taxonomy and function of intestinal microbiota (Li 
et al., 2020; Maurice et al., 2013). Likewise the microbial transformation of pharmaceuticals  has 
been reported (Spanogiannopoulos et al., 2016). Since the intestinal microbiota and the immune 
system are dependent on each other to maintain a healthy state (Maynard et al., 2012), 
modifications within the microbiota might impact on the immune system. Consequently, model 
systems have to be established also to investigation the effects of environmental chemicals, such 
as pesticides, food and water contaminants.  
Analyzing the effects of chemical exposure on intestinal microbiota  
Mainly together with the diet, pesticides and other contaminant chemicals coming from 
drinking water, food processing or packaging enter the human body (EFSA, 2008; Oates and 
Cohen, 2011). Thereby, these compounds potentially affect the intestinal microbiota. Since the 
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intestinal microbiota was shown to metabolize pharmaceuticals, which can have favorable and 
detrimental effects (Spanogiannopoulos et al., 2016) and the intestinal microbiota is now 
considered as potential player in the toxicity of environmental chemicals (Claus et al., 2016). 
Ethical restrictions prevent studying the potentially toxic effects of environmental chemicals 
directly on humans in vivo (Macfarlane and Macfarlane, 2007; Payne et al., 2012). Nevertheless, 
the major route of exposure to environmental chemicals such as pesticides, plasticizers, plastic 
components is oral uptake with the food (Licht and Bahl, 2019; Oates and Cohen, 2011). However, 
the effect of environmental chemicals on the consequently exposed intestinal microbiota are 
seldom considered or addressed in chemical risk assessment (Licht and Bahl, 2019).  
To study the chemical-derived effects on the human intestinal microbiota, ethical and practical 
reasons play a role, e.g. they limit the access to microbial material from the intestine of healthy 
humans (Macfarlane and Macfarlane, 2007). Thus, most in vivo and in vitro studies are 
conducted using human fecal material (Macfarlane and Macfarlane, 2007; Payne et al., 2012). 
Both, in vivo and in vitro models are useful to assess microbiota-modulating or microbiota-
disrupting properties of environmental chemicals (Wissenbach et al., 2016). However, both have 
their advantages and disadvantages and thus should be combined for a conclusive evaluation of 
treatment effects (Vrancken et al., 2019).  
In vivo studies are the only model system that includes the host, but are rather costly and 
laborious (Macfarlane and Macfarlane, 2007). Depending on the animal, its metabolism and 
physiology the results might be incomparable to the human situation (Payne et al., 2012). 
Furthermore, in vivo studies pose some major challenges when evaluating microbiome-
modulating effects. I.e., host effects can distort the conclusions drawn from analyzing the 
taxonomy or functional parameters of the microbiota (Payne et al., 2012). The microbiota at 
different facilities or animals with different genetic background can respond differently to the 
treatment (Gill and Finlay, 2011; Macpherson and McCoy, 2015). Depending on the housing 
conditions, cage-effects can derive from animal housing and exposure in separate treatment 
groups, which can facilitate misinterpretation of results. Moreover, in in vivo studies the 
characterization of the microbiota before and after treatment, similarly in the control and 
treatment group, is often neglected. This analysis, however, is essential to discriminate 
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treatment-related community shifts from usual microbiota variation (Macpherson and McCoy, 
2015). Yet, this is also true for in vitro culture models.  
Testing the impact of environmental chemicals on the intestinal microbiota cannot be 
accomplished with the required throughput in animal models. The use of in vitro culture models 
circumvents some challenges and drawbacks of in vivo models. In contrast to in vivo 
experiments, in vitro cultivation circumvents some challenges and drawbacks with being 
comparably inexpensive and posing the ability for automation and/or high-throughput studies 
(Macfarlane and Macfarlane, 2007; Vrancken et al., 2019). In vitro culture models allow to 
discriminate microbiota-modulating or -disrupting effects coming from the treatment, by 
excluding confounding host-effects, such as diet, age and host genetics (McDonald, 2017; Payne 
et al., 2012). Depending on the experimental setup different (anaerobic) cultivation procedures 
can be distinguished, i.e. batch cultivation, fed batch cultivation and continuous cultivation with 
increasing complexity (Payne et al., 2012; Vrancken et al., 2019).  
Batch cultivation is simple with regard to the applied experimental equipment and thus little 
susceptible to technical faults. The cultivation is conducted in a closed system (e.g. bioreactor, 
Hungate tube) without the addition of nutrients (Vrancken et al., 2019). Optimally, microbial 
growth follows an S-shaped growth curve, indicating an initially high nutrient availability that 
allows cell division. Due to limitations of a key nutrient and/or the accumulation of toxic 
metabolites microbial growth comes to a halt, the culture reaches the stationary growth phase 
(McNeil and Harvey, 2008). Batch cultivation is suitable for short-term experiments simulating 
acute exposure or it is appropriate for chemical screening assays (McDonald, 2017).  
To more realistically simulate growth conditions in the intestine and to extend the cultivation 
time (e.g. for chronic exposure), more complex continuous cultivation procedures have to be 
utilized (Payne et al., 2012). Continuous cultivation, either as single-stage or multi-stage 
bioreactor setups, are permanently supplied with fresh medium. In parallel, excess culture 
medium, including cells and toxic metabolites, is constantly removed (McNeil and Harvey, 
2008). Cultivation parameters such as pH, temperature, stirring velocity, medium retention 
time and anaerobiosis of the bioreactor system can be neatly controlled (Licht and Bahl, 2019). 
Depending on the experimental setup, any physiologic situation can be mimicked as close as 
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possible, though these in vitro models do not aim to resemble the in vivo situation (Payne et al., 
2012). The cultivation of intestinal bacteria under gut-like conditions in in vitro bioreactor 
systems is one opportunity to gain insights into the bacterial response to a treatment and have 
already been used to unravel the effect of dietary compounds or environmental chemicals (Joly 
et al., 2013; Reygner et al., 2016). Most often fecal bacteria are used for the inoculation of such 
bioreactor systems (Reygner et al., 2016; Joly et al., 2013; Auchtung et al., 2015; Tanner et al., 
2014). However, true experimental replication of complex microbiota is hard to achieve due to 
the intra-individual and longitudinal heterogeneity of fecal samples (Payne et al., 2012). 
Furthermore, complex microbiota follow a stochastic development during continuous 
cultivation, which complicates the in vitro replication of bioreactors and the definition of a 
constant community state to start the treatment (Liu et al., 2018b). A constant community state, 
optimally replicated in several bioreactors, is a pivotal element of an experiment that aims to 
resolve treatment effects (Possemiers et al., 2004; Van den Abbeele et al., 2010).  
Both, constancy and reproducibility, are hard to achieve with complex microbiota in vitro (Liu 
et al., 2018b; Payne et al., 2012). Moreover, analyses on the taxonomic and functional level ,e.g. 
by metaproteomics, exhibit a reduced depth of analysis with increasing community complexity 
and should be considered regarding the choice of model system (Lohmann et al., 2020). Hence, 
a reduced community complexity is essential to resolve treatment effects down to strain-level 
or to investigate microbe-microbe-interactions and cross-feeding as part of microbial ecology 
(Elzinga et al., 2019; Vrancken et al., 2019). In addition, the use of a synthetic intestinal 
microbiota can circumvent the challenges regarding the community reproducibility and the 
identification of suitable states to investigate the microbiota-modulating or microbiota-
disrupting properties of environmental chemicals.  
Simplified intestinal microbiota combine biologically important bacterial strains (Vrancken et 
al., 2019) and still represent the intestinal microbiota (Elzinga et al., 2019). The first synthetic 
intestinal microbiota, the Altered Schaedler Flora (ASF), was developed in the 1960s for the in 
vivo application in germ-free mice and comprises of eight murine bacterial strains (Schaedler et 
al., 1965). The ASF has been used extensively even though the representability of the intestinal 
microbiota in mice has been criticized. Based on the ASF, the 12-strain murine microbiota, 
oligoMM, has been developed thereby increasing the representability of the intestinal 
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microbiota (Elzinga et al., 2019). Since the former two microbiota represent murine microbiota, 
the extended simplified human intestinal microbiota SIHUMIx was developed with the aim to 
establish a human intestinal model community to investigate host-microbe-interactions in vivo 
(Becker et al., 2011). SIHUMIx comprises of eight bacterial strains commonly found in the 
human intestine. In mice, SIHUMIx formed a stable community, which was transferred to the 
offspring and produced a SCFA pattern, which was similar to the human physiologic situation 
(Becker et al., 2011). To date, these synthetic intestinal microbiota are used for both, in vivo and 
in vitro applications (Elzinga et al., 2019).  
Analyzing chemical-derived effects on the microbiota and immune cells 
The intestinal microbiota is exposed to environmental chemicals after oral uptake (Oates and 
Cohen, 2011). Alterations on the taxonomic or functional level of the microbiota might affects 
the immune system as, e.g. microbial metabolites such as SCFA or riboflavin metabolites were 
shown to influence regulatory T cells (Sakaguchi, 2000) or MAIT cells (Kjer-Nielsen et al., 2012), 
respectively. Furthermore, MAIT cells reside in the intestinal mucosa (Treiner et al., 2005) and 
due to the before-mentioned properties are  potentially susceptible to microbiota-mediated 
effects of chemical exposure. Consequently, in the present work, the microbiota- and MAIT cell-
modulating properties of environmental chemicals were evaluated. Compounds with proven 
oral exposure as main entrance route into the human body were selected, which are pesticides 
and compounds that leach from plastic products with food contact. Moreover, substances with 
high annual production volumes were selected for detailed investigations within the present 
PhD project, which were the herbicide glyphosate, the insecticide chlorpyrifos and bisphenols. 
Glyphosate is one of the worldwide most frequently applied active ingredients with herbicidal 
action (Benbrook, 2016), which lead to its ubiquitous distribution in the environment (Silva et 
al., 2017, 2019) and proven human exposure (Gillezeau et al., 2019). Glyphosate-based herbicides 
are primarily applied in the agricultural sector, but also comprise non-agricultural applications 
(Hanke et al., 2010). Residual glyphosate was among the three most frequently detected 
pesticides on wheat in 2015. Simultaneously, glyphosate has also been measured on other food 
crops (European Food Safety Authority, 2017). This compound inhibits the 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS), an enzyme that catalyzes the synthesis 
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of aromatic amino acids via the shikimate pathway (Amrhein et al., 1980). Two classes of the 
EPSPS exist in bacteria: the glyphosate sensitive class I EPSPS and the glyphosate insensitive 
class II EPSPS (Funke et al., 2009). Plants and most microorganisms synthesize aromatic amino 
acids via the shikimate pathway. In contrast, animals lack the shikimate pathway and thus the 
EPSPS. Therefore, glyphosate is considered safe for humans and animals (Myers et al., 2016). 
Nevertheless, glyphosate has antimicrobial properties (US patent 7771736 B2) and thus could 
potentially affect growth of sensitive species e.g. in the human intestine. 
Chlorpyrifos is a organophosphate insecticide but exerts also nematicide and acaricide effects 
(John and Shaike, 2015). This compound is among the most frequently applied organophosphate 
insecticides (Harishankar et al., 2013) and operates by the irreversible inhibition of 
acetylcholinesterase in the synapses of the nervous system (Chanda, 1996). Chlorpyrifos was 
most often detected above the maximum residue level of plant products (European Food Safety 
Authority, 2017) and consequently enters the human body by the oral route. However, little is 
known about the impact of chlorpyrifos on the intestinal microbiota and its potential direct and 
indirect effects on human health.  
Another ubiquitously occurring chemical is Bisphenol A (BpA, Vandenberg et al., 2007). 
Moreover, BpA is a high production chemicals with still increasing production volume (Lehmler 
et al., 2018) that was included on the candidate list of SVHC chemicals in 2018  due to its 
endocrine disrupting  properties (https://echa.europa.eu/de/candidate-list-table, 23.06.20, 
13:58). BpA is primarily used for the production of polycarbonate plastics and epoxy resins. 
Polycarbonate plastics and epoxy resins are, besides others, utilized for food-contact-
applications and thus potentially contaminate food (European Food Safety Authority, 2015). 
Shortly after its introduction to the market in 1930 the endocrine disrupting properties of BpA 
have been noticed (Vandenberg et al., 2013). After recognizing the endocrine-disrupting 
properties of BpA, now regulation of BpA was tightened within the last decade. The tolerable 
daily intake (TDI) concentrations  were reduced (Almeida et al., 2018) and BpA was classified as 
a substance of very high concern (SVHC) in 2018 in the European Union. These factors 
contributed to the increasing use of BpA-analogues, such as bisphenol F (BpF) and bisphenol S 
(BpS, Huang, 2018), which is reflected by the detection of BpA-like levels of BpF and BpS in 
human urine (Zhou et al., 2014). However, these analogues have a high structural similarity and 
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hence BpA-analogues might pose a similar risk (Rochester and Bolden, 2015). To date, BpS-
derived riks is under assessment with REACH as chemical with higher priority listed on the 
CoRAP (https://echa.europa.eu/de/substance-information/-/substanceinfo/100.001.13). 
However, the risk of BpF is not evaluated within the EU, yet, although similar properties of BpF 
compared to BpA and BpS can be assumed (Rochester and Bolden, 2015). At least for endocrine-
disruption BpA-analogues were shown to pose the same risk (Karrer et al., 2018). Since BpA was 
shown to influence the human intestinal microbiota on the taxonomic level (Lai et al., 2016), the 
microbiota-modulating/-disrupting effects of BpA- analogues, BpF and BpS have to be 
compared. 
To elucidate the microbiota-modulating or -disrupting properties of environmental chemicals 
completely, taxonomic and functional analysis have to be combined. Multi-omics approaches 
provide insights on the level of community taxonomy and function (Fritz et al., 2013; Gao et al., 
2017). Omics-techniques include metagenomics, metatranscriptomics, metaproteomics, meta-
metabolomics and cytomics. Flow cytometry based single-cell analysis, cytomics, allow the 
online analysis of structural community dynamics, but do not resolve functional processes nor 
provide taxonomic information (Koch et al., 2013). Metagenomics allow the reconstruction of 
the microbial taxonomy within a community but does not discriminate live and dead cells 
(Shakya et al., 2019). Functional prediction based on metagenomics data has improved, but these 
functional predictions can only be verified by metatranscriptomics or metaproteomics 
(Hugenholtz and Tyson, 2008). Metatranscriptome analysis of RNA-sequencing data allows 
functional insights by analyzing the actively expressed genes within the microbiota at a given 
time point (Shakya et al., 2019). However, metaproteomics provides taxonomic and real 
functional information by analyzing the abundance of microbial proteins (Kleiner, 2019). With 
metabolomics, the microbial metabolome is analyzed. The metabolome complements 
metaproteomics since it is directly based upon the communities enzymatic activity (Tang, 2011). 
In the present work the microbiota-modulating properties of glyphosate and BpX have been 
determined both on the taxonomic and functional level with cytomics, 16S rRNA amplicon 
sequencing, metaproteomics and untargeted as well as targeted metabolomics. To assess the 
indirect effects of environmental chemical exposure on MAIT cells, the exposed microbiota 
were used for MAIT cell stimulation. Direct effects of chemical exposure were investigated by 
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exposure of MAIT cells during stimulation. With multi-color flow cytometry, the modulation of 
MAIT cell activation was determined. 
1.4 Aims of the present PhD project 
The key role of the intestinal microbiota for human health has recently been acknowledged. 
Moreover, the close interactions between the intestinal microbiota and the immune system are 
the subject of intense research. Analyzing the microbiota- and immune-modulating properties 
of environmental chemicals is essential and can help to understand the rise of chronic 
inflammatory diseases, already among children, in the westernized world. To assess the 
microbiota-and immune-modulating properties of environmental chemicals suitable model 
systems were established and applied in the present PhD project (Figure 11): 
 
Figure 11. Aims of the present PhD project. Suitable model systems for the microbiota cultivation and 
chemical exposure in vitro were established ranging from continuous cultivation in bioreactors to 
batch cultivation. The present PhD project thereby focused on chemical-related microbiota-mediated 
modulation of MAIT cells. Boxes summarize corresponding research questions and numbers indicate 
the related publication. 
1.  Establishing the SIHUMIx model community for bioreactor use 
To resolve effects down to strain-level, less complex, defined model communities, such as the 
extended simplified human intestinal microbiota (SIHUMIx), are most appropriate. Five 
fingerprinting techniques were compared regarding their suitability to follow the community 
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dynamics of SIHUMIx. The minimal time of cultivation for reaching a constant community state 
was identified and to determine which methods are appropriate to analyze perturbations in 
microbial cultures (publication 1). Moreover, the ability of SIHUMIx to resistance a perturbation 
was investigated, also giving insights on the behavior under extended cultivation 
(publication 2). 
2. Proof-of-concept – Can MAIT cells sense microbial exposure to acid pH? 
To study microbiota-mediated effects on the mucosal-associated invariant T (MAIT) cells, two 
in vitro model systems, the cultivation of intestinal microbiota and their subsequent use for 
MAIT cell stimulation, were combined. This raised the question whether the combination of 
both model system is suitable to identify microbial stress (publication 3).  
3. Does glyphosate alter intestinal microbiota on the functional or taxonomic level? 
Glyphosate-related effects on the intestinal microbiota were a central issue in the present PhD 
project, as this work has been funded by the German Federal Environmental Foundation (DBU) 
to study the effects of glyphosate on MAIT cells via the intestinal microbiota. Potential effects 
were assessed on the single strain and the community level. Effects of glyphosate/Roundup at a 
reasonable high concentration were investigated on the community level using pig colonic 
microbiota. The central question was, whether glyphosate-exposure affects intestinal 
microbiota with a focus on the functional level ((publication 4, publication 5 and publication 6).  
4. Do bisphenols directly or indirectly via the microbiota modulate MAIT cell activation? 
Bisphenols (BpX) represent a substance group with several analogues related to Bisphenol A and 
are among the most produced chemicals worldwide (Lehmler et al., 2018). Investigations 
focused on BpX-mediated functional or taxonomic level effects on complex intestinal 
microbiota and SIHUMIx (publication 7 and publication 8) and also encompassed immune-
modulatory effects by BpX with a focus on MAIT cells (publication 7). 




2.1 Overview of publications 
Publication 1: Following the community development of SIHUMIx – a new 
intestinal in vitro model for bioreactor use 
Jannike Lea Krause#, Stephanie Serena Schaepe#, Katarina Fritz-Wallace, Beatrice Engelmann, 
Ulrike Elisabeth Rolle-Kampczyk, Sabine Kleinsteuber, Florian Schattenberg, Zishu Liu, Susann 
Mueller, Nico Jehmlich, Martin von Bergen#, Gunda Herberth#. # these authors contributed equally 
Gut Microbes (2020), DOI: 10.1080/19490976.2019.1702431 
Significance: Most studies investigate the microbiota-modulating effects of chemical contaminants 
using complex human microbiota. However, the reproducible cultivation of complex microbiota in 
bioreactors is challenging and the communities behave highly dynamic. In this study, the extended 
simplified intestinal human microbiota (SIHUMIx), a defined model community, was established 
as a valuable model for in vitro use by analyzing the community dynamics with five fingerprinting 
techniques (page 41).  
Summary: The model community SIHUMIx has been grown reproducibly in the bioreactor system. 
All communities reached a constant community state within 5 days of cultivation, simultaneously 
on the cellular and the functional level. Acid stress affected SIHUMIx on the cellular and functional 
level, whereby the cellular and the functional level recovered with different velocity.  
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Publication 2: The simplified human intestinal microbiota (SIHUMIx) shows 
high structural and functional resistance against changing transit times in 
in vitro bioreactors 
Stephanie Serena Schäpe#, Jannike Lea Krause#, Beatrice Engelmann, Katarina Fritz-Wallace, 
Florian Schattenberg, Zishu Liu, Susann Müller, Nico Jehmlich, Ulrike Rolle-Kampczyk, Gunda 
Herberth#, Martin von Bergen#. #these authors contributed equally 
Microorganisms (2019), DOI: 10.3390/microorganisms7120641 
Significance: Various community functions that shape host-microbiota-interactions are 
potentially influenced by intestinal transit times. However, little is known about the effects on the 
composition and functionality of the gut microbiota that derive from changes in the intestinal 
transit time. Therefore, the in publication 1 established model community, SIHUMIx, was used (i) 
to investigate the influence of changing transit times on its community composition and function 
and simultaneously (ii) to monitor the community dynamics over a 15- day cultivation period 
(page 56).  
Summary: The model community SIHUMIx was highly resistant against varying transit times on 
the taxonomic as well as the functional level. Five out of six communities reached a constant 
community state within 5 days of cultivation. The sixth community reached the constant state with 
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Publication 3: The activation of mucosal-associated invariant T (MAIT) cells 
is affected by microbial diversity and riboflavin utilization in vitro  
Jannike Lea Krause, Stephanie Serena Schäpe, Florian Schattenberg, Susann Mueller, Grit 
Ackermann, Ulrike Elisabeth Rolle-Kampczyk, Nico Jehmlich, Arkadiusz Pierzchalski, Martin von 
Bergen, Gunda Herberth. 
Frontiers in Microbiology (2020), DOI: 10.3389/fmicb.2020.00755 
Significance: In the human body, MAIT cells encounter complex microbiota at mucosal sites and 
recognize microbial metabolites from the riboflavin and folate pathway in vitro. To date the MAIT 
cell interaction with microbial communities has not been studied, even though the interaction of 
both rather reflects the physiologic situation.  
In this study, the response of MAIT cells to microbiota from single strains to complex communities 
was investigated. Using the model community SIHUMIx (publication 1) the contribution of the 
community members on MAIT cell activation was analyzed. This model community was also used 
to determine whether microbial stress indirectly affects the MAIT cell activation. Furthermore, the 
MAIT cell activating potential of microbiota with different diversity was compared, since microbial 
diversity is a major differences between healthy and diseased microbiota (page 7777).  
Summary: The MAIT cell activating potential of SIHUMIx was directly related to the relative species 
abundances in the community, suggesting an additive relationship between species abundances 
and MAIT cell activation. Diverse microbial communities induced a low MAIT cell activation and 
showed a high riboflavin uptake. With decreasing diversity the riboflavin consumption decreased 
and in parallel the MAIT cell activating potential increased, suggesting a role of microbial diversity 
for MAIT cell activation. Microbial acid stress nullified the MAIT cell activating potential and 
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Publication 4: Mucosal-associated invariant T-Cell (MAIT) activation is 
altered by chlorpyrifos- and glyphosate-treated commensal gut bacteria 
Anne Mendler, Florian Geier, Sven-Bastiaan Haange, Arkadiusz Pierzchalski, Jannike Lea Krause, 
Ivonne Nijenhuis, Jean Froment, Nico Jehmlich, Urs Berger, Grit Ackermann, Ulrike Rolle-
Kampczyk, Martin von Bergen, Gunda Herberth. 
Journal of Immuntoxicology (2020)  DOI: 10.1080/1547691X.2019.1706672 
Significance: Environmental chemicals are suspected of affecting the intestinal microbiota. Thus, 
they potentially influence immune system components, which can result in a modulated immune 
response. Mucosal-associated invariant T (MAIT) cells recognize microbial metabolites and are 
therefore particularly sensitive to microbiota-mediated immune modulation.  
Here, the influence of the insecticide chlorpyrifos and herbicide glyphosate on the MAIT cell 
activating or –inhibiting potential of common members of the human intestinal microbiota was 
investigated. Furthermore, the ability to produce MAIT cell modulating metabolites was 
approximated by metabolomics and metaproteomics (page 91).  
Summary: E. coli activates MAIT cells, whereas Bifidobacterium adolescentis and Lactobacillus 
reuteri inhibit MAIT cell activation. During stimulation, chlorpyrifos increased the E. coli-
mediated MAIT cell activation and in parallel lowered the inhibiting potential of B. adolescentis and 
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Publication 5: Quantification of glyphosate and AMPA from microbiome 
reactor fluids 
Katarina Fritz Wallace#, Beatrice Engelmann#, Jannike Lea Krause, Stephanie Serena Schäpe, 
Judith Pöppe, Gunda Herberth, Uwe Rösler, Nico Jehmlich, Martin von Bergen, Ulrike Rolle
Kampczyk. #these authors contributed equally 
Rapid Communications in Mass Spectrometry (2019)  DOI: 10.1002/rcm.8668 
Significance: Glyphosate-based herbicides are the most frequently applied plant protection 
products worldwide. In addition to enzyme-linked immunosorbent assays, several methods using 
a combination of liquid chromatography (LC) and mass spectrometry (MS) have been established 
for glyphosate quantification in water, soil, urine, blood or breast milk. However, the quantification 
of glyphosate from microbial culture medium has not been reported, and literature on the 
simultaneous quantification of glyphosate and its degradation product, aminomethylphosphonic 
acid (AMPA), are sparse (page 102).  
Summary: In the present study, a time- and cost-effective, reliable method for the extraction of 
glyphosate and AMPA from a complex bioreactor medium was established and applied to quantify 
exposure-relevant concentrations of both compounds in complex bioreactor medium. 
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Publication 6: The glyphosate formulation Roundup influences the global 
metabolome of pig gut microbiota in vitro  
Jannike Lea Krause#, Sven-Bastiaan Haange#, Stephanie Serena Schäpe, Beatrice Engelmann, Ulrike 
Rolle-Kampczyk, Katarina Fritz-Wallace, Zhipeng Wang, Nico Jehmlich, Dominique Türkowsky, 
Kristin Schubert, Judith Pöppe, Katrin Bote, Uwe Rösler, Gunda Herberth, Martin von Bergen. 
#these authors contributed equally 
Science of the total environment (2020) DOI: https://doi.org/10.1016/j.scitotenv.2020.140932 
Significance: Glyphosate is the most widely used herbicide worldwide and potentially exhibits 
microbiota-modulating properties due to its antibiotic properties. Recent studies addressed 
microbiota-modulating effects primarily on the taxonomic level but lacked functional information.  
Therefore, in this study, complex intestinal microbiota were cultivated in the presence of a high 
concentration of glyphosate from Roundup. The experimental setup allows the resolution of 
functional effects, by a combined approach of metaproteomis, metabolomics and 16S analysis 
(page 113).  
Summary: Despite homogenization of the inoculum four different microbial communities 
developed. Upon glyphosate exposure only slight effects on microbial metabolism were observed. 
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Publication 7: Bisphenol A, bisphenol F and bisphenol S directly modulate 
MAIT cell activation 
Jannike Lea Krause, Beatrice Engelmann, Ulrike Rolle-Kampczyk, Arkadiusz Pierzchalski, Martin 
von Bergen, Gunda Herberth 
Environmental pollution  to be submitted 
Significance: Bisphenols (BpX) have been detected ubiquitously in the environment, but also in 
human specimen. The longest-known BpX compound, bisphenol A (BpA), is used for the production 
of polycarbonate plastics and epoxy resins, which are used, among others, for food-contact-
applications and thus potentially contaminate food. The tightened regulation of BpA contributed to 
the increasing use of BpA-analogues, such as bisphenol F (BpF) and bisphenol S, which might not 
be safer alternatives. 
In this study, the microbiota-modulating effects of BpA, BpF and BpS were investigated using three 
concentrations related to the acceptable daily intake concentration of BpA. Growth parameters and 
global community function of human intestinal microbiota were analyzed in vitro. Furthermore, 
the microbiota-mediated immune-modulatory properties of BpX on MAIT cells were determined 
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Publication 8: Environmentally relevant concentration of Bisphenol S 
shows slight effects on SIHUMIx 
Stephanie S. Schäpe, Jannike L. Krause, Rebecca K. Masanetz, Sarah Riesbeck, Robert Starke, Ulrike 
Rolle-Kampczyk, Christian Eberlein, Hermann J. Heipieper, Gunda Herberth, Martin von Bergen , 
Nico Jehmlich 
Microorganisms  to be submitted   
Significance: The intestinal microbiota is potentially exposed to BpX and microbial modulating 
properties of these compounds have been suggested. However, little is known on the mechanisms 
how BpX affect microbial activity and function.  
In this study, BpS-mediated effects were investigated using the extended simplified human 
intestinal microbiota (SIHUMIx) in bioreactors to allow a detailed mechanistic analysis. 
Community taxonomy and community function were simultaneously analyzed by 
metaproteomics. Moreover, fatty acid methyl esters profiles were recorded to resolve changes in 
the membrane fatty acid composition of the microbiota (page 150).  
Summary: At the concentration applied to SIHUMIx, no significant changes were observed on 
community taxonomy. One day after the start of the community showed an altered function, which 
vanished until the end of the experiment.  
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Publication 2: The simplified human intestinal microbiota (SIHUMIx) shows 
high structural and functional resistance against changing transit times in 
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Publication 3: The activation of mucosal-associated invariant T (MAIT) cells 
is affected by microbial diversity and riboflavin utilization in vitro  
 







































































Publication 4: Mucosal-associated invariant T-Cell (MAIT) activation is 
altered by chlorpyrifos- and glyphosate-treated commensal gut bacteria 
 























































Publication 5: Quantification of glyphosate and AMPA from microbiome 
reactor fluids  
 























































Publication 6: The glyphosate formulation Roundup® LB plus influences the 
global metabolome of pig gut microbiota in vitro  
 



























































Publication 7: Bisphenol A, bisphenol F and bisphenol S directly modulate 
MAIT cell activation 
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In recent decades, the human intestinal microbiota prove essential for human health, but the 
complex interactions of the intestinal microbiota and the host are far from being fully understood 
(Lloyd-Price et al., 2016). The intestinal microbiota is an essential contributor to human health, 
which directly affects the host immune system. E.g., a reduced microbial diversity in the intestine 
often is associated with disease (Mosca et al., 2016). People from the Westernized world have less 
diverse intestinal microbiota and simultaneously show an increased incidence of chronic 
inflammatory diseases compared to people from low developed countries (Zuo et al., 2018a). The 
process of Westernization, which in this context parallels urbanization, is accompanied by the 
intake of a less healthy diet (Conlon and Bird, 2014) and, furthermore, an increase in medication 
and exposure to pollutants (Zuo et al., 2018b). Both, pharmaceuticals and environmental chemicals 
have only recently been recognized as a potential modulators of the intestinal microbiota (Jin et al., 
2017; Li et al., 2020; Licht and Bahl, 2019). The intestinal microbiota modulate the immune system 
by de novo synthesis or modulation of metabolites. E.g., SCFAs promote the expansion of regulatory 
T cells as well as antibody production by B cells. Secondary bile acids exert anti-inflammatory 
effects on dendritic cells and macrophages (Postler and Ghosh, 2017). And, the recently discovered 
MAIT cells, that reside in the liver and the intestinal mucosa, recognize microbial vitamin B2 and 
B9 metabolites (Kjer-Nielsen et al., 2012; Treiner et al., 2003). These findings potentially link 
chemicals -exposure of intestinal microbiota to an altered immune response. 
In the present work, the central question was whether and how environmental chemicals modulate 
the response of MAIT cells via the microbiota. In the first step, suitable model systems for the 
cultivation of intestinal microbiota and subsequent exposure to environmental chemicals were 
established. In the next step, potential microbiota-mediated effects of environmental chemicals on 
MAIT cells were addressed. Beforehand, a proof-of-concept regarding the linkage of microbiota-
exposure and MAIT cell modulation was performed, which finally allowed the testing of chemicals 
with regard to microbiota-mediated MAIT cells modulation. 
3 Discussion




3.1 Using in vitro models to cultivate intestinal microbiota 
Investigating the intestinal microbiota by using in vitro models poses advantages in terms of 
feasibility, reproducibility and costs and most importantly has relevance for the human situation 
(Wissenbach et al., 2016). Moreover, such models allow high throughput analysis (Li et al., 2020; 
Payne et al., 2012) and when assessing the effects e.g. of chemical exposure on the microbiota 
confounding factors such as variation in diet, age etc. can be eliminated (Licht and Bahl, 2019). Thus, 
in vitro cultivation allows the specific identification of microbiota-modulation without host bias. 
Though, the continuous cultivation of complex microbiota is challenging and true replication poses 
a major problem (Payne et al., 2012; Van den Abbeele et al., 2010).  
The challenges regarding replication of complex microbiota (e.g. from feces, colon content) in in 
vitro bioreactors was clearly illustrated by the cultivation of microbiota from the pig colon 
(publication 6). Prior to inoculation, the starting material was homogenized thoroughly in 
anaerobic buffer for 5 min. To reduce the amount of particulate matter, the slurries were settled for 
a couple of minutes and after settling, the liquid supernatant was used to simultaneously inoculate 
two replication bioreactors. Nevertheless, after the first three days of continuous cultivation the 
microbiota within the replicate bioreactors started to develop into two taxonomically distinct 
communities (publication 6). Despite the apparent differences in taxonomy, the metaproteome 
analysis revealed a high functional similarity (Figure 12).  
 
Figure 12. Comparison of taxonomic and functional analysis. The data from publication 6 “The glyphosate 
formulation Roundup® LB plus influences the global metabolome of pig gut microbiota in vitro” and 
Lozupone et al. (2012) show high functional redundancy despite large variations on the taxonomic level. 




Lozupone et al. (2012) showed that the healthy human intestinal microbiota is very different at the 
taxonomic level, but has high functional redundancy, which is also reflected in the results of 
publication 6. The starting material from the pig colon was analyzed neither with regard to 
community taxonomy nor to community function. An evaluation whether the community 
functions can be reconstructed within the bioreactor system is hence still pending.   
Similar to the observations from publication 6, a study using natural wastewater for long-term 
bioreactor cultivation, reported that the complex microbiota were highly dynamic in their system. 
Microbial taxa started to fluctuate after a few days of continuous cultivation (Liu et al., 2019). Both 
these experiments suggest that complex microbiota start to diverge with regard to taxonomy after 
the first few days of adaptation, which might be attributed to stochastic effects during community 
assembly (Eng and Borenstein, 2018; Oliphant et al., 2019). However, since the complex microbiota 
showed high similarity on the cellular level in flow cytometric analysis during the limited time of 
adaptation the results suggested that complex microbiota replicate in batch culture. Hence, batch 
cultivation is a suitable tool for chemical screening, the analysis of short-term effects (McDonald, 
2017) or the determination of effect concentrations also in complex microbiota. Nevertheless, 
inoculation has to be performed with the same inoculum. To assess the effect of chemicals on 
complex microbiota a standard procedure is proposed based on the results from the present PhD 
project (Figure 13). 





Figure 13. Proposed procedure for the analysis of microbiota-modulation by chemicals. A A sufficient 
amount of inoculum can be generated by a sequential enrichment culture procedure. Complex microbiota, 
e.g. from feces, is cultured in batch and after sequential enrichment aliquotes are cryo-preserved. This 
homogenous inoculum can be utilized to inoculate batch or continuous cultivation. B Batch cultivation 
allows the rapid and easy identification of microbiota-modulating chemicals (red) and facilitates the 
determination of suitable concentrations for further investigations. C Using continuous bioreactor, which 
more closely mimick the in vivo situation, the long-term effects of selected chemicals on the microbiota 
can be investigated. 
For true replication a sufficient amount of inoculum from the same complex microbiota is needed. 
To increase the volume of inoculum and to facilitate replication by the elimination of particulate 
matter from the complex specimen a sequential enrichment culture procedure may be used (Lazuka 
et al., 2015). The microbiota can then be preserved in glycerol until use (Figure 13, A). Despite the 
community complexity, this procedure similarly allowed true replication both in batch and in 
continuous culture and hence the evaluation of microbiota-modulating properties of bisphenols 
(publication 7, Figure 14).  





Figure 14. Sequential enrichment cultivation of complex microbiota allows true replication.  The volume of 
human fecal material was increased and particulate matter was eliminated using a sequential enrichment 
procedure. The microbiota were cryo-preserved and utilized to inoculate batch and continuous cultures. 
Taxonomy was determined with 16S rRNA gene analysis. Batch cultivation: 24 h in in Brain-Heart Infusion 
(BHI). Continuous cultivation for 16 days (15x bioreactor turn-over) in complex intestinal medium (CIM). 
The replicate communities were highly similar on the genus and family level, respectively.  
To identify microbiota-modulating environmental chemicals as well as to select suitable chemical 
concentrations, assays in batch culture are advisable (Figure 13 B). Batch cultures can be setup at low 
culture volumes and the cultivation process is less sensitive to technical problems compared to 
continuous cultivation systems (Guzman-Rodriguez et al., 2018; Macfarlane and Macfarlane, 2007), 
as the SHIME (Molly et al., 1994), the TIM-2 (Venema, 2015) or the system used in this study. 
Moreover, they resemble a rapid, costly opportunity that also allow the taxonomic and functional 
analysis of the microbiota, as shown with the drug-screening platform RapidAIM (Li et al., 2020), 
but are only suitable for acute, short-term exposure. Though, to assess chemical-derived effects on 
intestinal microbiota, especially effects from chronic chemical exposure, continuous cultivation 
systems are essential (McDonald, 2017). These more closely mimic the in vivo situation and due to 
the higher culture volume facilitate sampling for several analysis methods, e.g. a comprehensive 
multi-omics approach (Figure 13 C). 




Another option to approach the issue of reproducibility in in vitro cultivation and simultaneously 
to gain insights in community ecology, is the use of defined model communities (Guzman-
Rodriguez et al., 2018). Defined intestinal model communities consist of a defined number of species 
and consequently are less complex compared to the natural microbiota still serving as model for the 
intestinal microbiota (Elzinga et al., 2019; Guzman-Rodriguez et al., 2018). Due to the lower 
community complexity the depth of analysis e.g. with omics-techniques is ameliorated (Jiang et al., 
2019; Lohmann et al., 2020). This may facilitate the elucidation of response mechanisms to a 
perturbation and the analysis of metabolic interactions. These advantages are expected to be 
important steps towards understanding the mode of action of microbiota-modulating chemicals. 
Therefore, in the present PhD project a defined human intestinal model community, SIHUMIx, was 
established for in vitro bioreactor cultivation (publication 1). The SIHUMIx community proved to 
be very reproducible with replicate Bray-Curtis similarities of >0.9 at the constant community state 
based on microbiota flow cytometry and SCFA profiling. During undisturbed cultivation, SIHUMIx 
simultaneously established and developed in the bioreactors toward the constant community state 
on the cellular, taxonomic and functional levels within five days or four bioreactor turn-overs 
(publication 1). The SIHUMIx community remained at the same constant state until day 16 (15x turn-
over, publication 2). Despite the high reproducibility observed in publication 1, the development of 
SIHUMIx toward the constant state can be delayed (publication 2). The implementation of a three-
turn-over buffer is advisable to ensure that all replicate communities reach the constant state before 
treatment initiation. 
Under the influence of acid stress, we observed different community dynamics of SIHUMIx on the 
cellular, the taxonomic and the functional level (publication 1). Similarly, community dynamics on 
the functional and taxonomic community level have been shown to follow different dynamics in 
bioreactor systems inoculated with complex microbiota (Liu et al., 2018a). Thus, community 
function and taxonomy should be monitored simultaneously to fully cover the community 
dynamics. As determined in publication 1, a variety of fingerprinting techniques proved to be 
appropriate to follow the community dynamics and the choice of methods should be adapted to the 
objectives of the experiment.  




As diet is one of the drivers that shape the intestinal microbiota (Gentile and Weir, 2018; Shapira, 
2016), the medium predominantly influences community taxonomy during cultivation. The model 
community SIHUMIx comprises of eight bacterial strains. In rats, these eight strains were shown to 
inhabit the rat intestine with B. thetaiotaomicron and B. producta at the highest relative abundance 
(38% and 28%, respectively). The other bacterial strains, B. longum, C. ramosum, A. caccae, E. coli, 
L. plantarum and C. butyricum established lower relative abundance with 17%, 12%, 5%, 2%, 0.03% 
and less, respectively (Becker et al., 2011). In contrast, the SIHUMIx community in publication 1, 
publication 2 and publication 7 were dominated by B. thetaiotaomicron with >70% relative species 
abundance at the constant state. The bacterial strains B. producta, E. coli and A. caccae were present 
at 16%, 7% and 4.5% relative species abundance, respectively. The other bacterial strains, B. longum, 
C. ramosum, L. plantarum and C. butyricum established at very low abundances with less than 1% 
relative species abundance each. Though, they remained within the community until day 16 of 
cultivation. To closely mimic the colon environment, a complex intestinal medium (CIM) was used 
for the cultivation of SIHUMIx after the first preliminary tests. CIM or CIM-related culture media 
were designed to cultivate complex intestinal microbiota, e.g. from fecal specimen (Macfarlane et 
al., 1998; McDonald et al., 2013; Tanner et al., 2014). CIM contains mucin, since in the in vivo 
situation the mucus layer supplies the microbiota with mucins at the intestinal barrier (Knoop and 
Newberry, 2018; Maynard et al., 2012; Mowat and Agace, 2014). Within the SIHUMIx community, 
B. thetaiotaomicron is the only mucin-degrading bacterial strain (Tsai et al., 1991) and consequently, 
growth of B. thetaiotaomicron is promoted by mucin supply from the CIM. The growth advantage 
of B. thetaiotaomicron due to mucin supply has also been demonstrated in a modelling analysis of 
SIHUMIx applying media with and without mucin. Models are important tools to advance the 
behavior of microbial ecosystems upon alterations in the cultivation process (Kreft et al., 2017). 
Furthermore, modeling of microbiota can help to understand the interaction of microbes and the 
organization within a community based on metabolic interactions (Bauer et al., 2017). Bauer et al. 
(2017) reported dominant growth of B. thetaiotaomicron in the presence of mucin and dominant 
growth of E. coli in the absence of mucin. Thereby, the authors demonstrated a high impact of mucin 




on the SIHUMIx community taxonomy (Bauer et al., 2017), though the obtained results differ from 
the result of our in vitro analysis and the in vivo analysis from Becker et al. (2011, Figure 15).  
 
Figure 15. Taxonomy of SIHUMIx. The taxonomy of SIHUMIx differs when cultivated in Brain-Heart 
Infusion (BHI) medium, complex intestinal medium (CIM) or after inoculation in gnotobiotic mice.   
However, it is also evident that the ground truth, i.e. the reality predicted by the modelling 
approach, may differ from the observations of experiments. Therefore, the results obtained by the 
modelling approach must be substantiated by further experimental approaches. Based on the 
before-mentioned observations, it was assumed that a lower mucin concentration in CIM could 
reduce the relative abundance of B. thetaiotaomicron. In parallel, the relative species abundances 
of the other strains might increase. This modification would allow (i) to more closely mimic the 
SIHUMIx composition observed in vivo and (ii) to obtain an in vitro model community that indeed 
comprises of eight bacterial strains at reasonable abundances. In contrast to SIHUMIx, complex 
microbiota potentially encompass more mucin-degrading bacterial species. Despite this, the 
porcine complex microbiota clearly changed on the taxonomic level during continuous cultivation. 
The communities adapted to the bioreactor system and thereby especially lost the genera 
Lactobacillus, Bifidobacteria and Coriobacteriaceae (publication 6).  
One major drawback of the CIM are its optical properties. This liquid medium is of brown color and 
very opaque due to mucin dispersion. Furthermore, CIM comprises of a non-autoclavable and an 




autoclavable part and currently does not include the addition of a redox-indicator to prove 
anaerobicity. This poses several difficulties for the utilization of CIM, especially in batch culture. 
1. The preparation of sterile and anaerobic Hungates tubes, which are used for batch cultivation, is 
challenging particularly without access to an anaerobic chamber. However, a valid protocol could 
be established and optimized with the current laboratory equipment. 2. For batch cultivation the 
addition of a redox-indicator such as resazurin is advisable to discover oxygen contamination. The 
lowest percentage of resazurin to prove anaerobicity in CIM needs to be determined. 3. Growth 
analysis is complicated due to the mucin-derived intrinsic turbidity. Mucin hinders optical density 
measurement, biomass quantification as well as cell counting at particle counting instruments.  
In contrast, brain-heart infusion (BHI) medium, a clear yellowish medium, facilitates batch 
cultivation in various ways. 1. All ingredients can be autoclaved together and oxygen contamination 
is clearly visible due to the redox-indicator resazurin. 2. The determination of microbial growth by 
optical density measurement, biomass quantification and cell counting is possible. As chemical-
related growth inhibition was one evaluation criterion for microbiota-modulation, BHI medium 
has been utilized for sequential enrichment of human fecal microbiota and chemical exposure in 
batch culture (publication 7). Since diet is one of the most influencing factors on community 
composition in vivo (Gentile and Weir, 2018; Shapira, 2016), it is assumed that the taxonomy of 
communities grown in BHI will differ from communities grown in CIM. This has been shown for 
the model community SIHUMIx already (see Figure 15).  
A recently published study evaluated the effects of four CIM medium ingredients, i.e. inorganic 
salts, bile salts, mucin and SCFA, on intestinal microbiota functions by metaproteomics in vitro (Li 
et al., 2018a). The authors reported that the strongest effects on microbiota functionality resulted 
from the addition of inorganic salts and bile salts, followed by mucin. The addition of SCFA did only 
have minor effects (Li et al., 2018a). Inorganic salts and bile salts dissolve completely and hence 
result in a clear liquid. Since these two components were shown to have the strongest effect on the 
functional level of complex intestinal microbiota in vitro, the addition of inorganic salts and bile 
salts to the currently used BHI medium might mimic an intestinal environment more closely. 
Depending on the research question, for sequential enrichment the use of CIM or adapted BHI 




might be advantageous to provide a sufficient amount of feces-derived microbiota and to better 
preserve taxonomic and functional properties of the original community.  
For testing the effects of chemicals, it is not essential to mimic the in vivo situation as close as 
possible, though the established procedure from publication 7 meets the requirements. For other 
purposes, however, the sequential enrichment procedure should be adapted.   
3.2 Identification of microbiota-modulating properties of 
environmental chemicals 
The majority of environmental chemicals enter the human body via the oral route. In the present 
PhD project, compounds with oral human exposure and a high annual production volume were 
selected. These were pesticides and components of plastic products with food contact, namely the 
herbicide glyphosate, the insecticide chlorpyrifos and bisphenols. To investigate the microbiota-
modulating properties of glyphosate, chlorpyrifos and bisphenols, both batch and continuous 
cultivation procedures have been utilized. 
Microbiota-modulation by bisphenols 
To date, bisphenol analogues comprise 16 compounds with a shared common structure of two 
hydroxyphenyl functionalities. From these, bisphenol A is the best studied compound (Chen et al., 
2016). Since 2018, Bisphenol A (BpA) is listed as substance of very high concern (SVHC) as adverse 
health effects, especially endocrine disrupting properties based on hormonal activity due to 
endocrine receptor binding have been attributed to BpA-exposure (Rochester, 2013). Though, the 
adverse health effect also include the modulation of intestinal microbiota (Catron et al., 2019a), 
whereby the actual mode of action remains to be elucidated. Due to the increasing restrictions on 
BpA, BpA-analogues such as Bisphenol F (BpF) and bisphenol S (BpS) are increasingly utilized to 
replace BpA, leading to a rising public exposure (Lehmler et al., 2018).  
In publication 7, the microbiota-modulating properties of BpA, BpF and BpS have been compared 
using batch cultivation. Bacteroides thetaiotaomicron is a common member of the human intestinal 
microbiota (Comstock and Coyne, 2003) and the model organism Escherichia coli is the most 




dominant Enterobacteriacaea in humans (Martinson et al., 2019). Therefore, these bacterial strains 
as well as fecal human microbiota were used to evaluate whether the BpA-analogues BpF and BpS 
are safer alternatives with respect to microbiota-modulation. The single strain level is most suitable 
to unravel the still unknown mode of action regarding microbiota modulation. In our study, 
B. thetaiotaomicron was most susceptible to bisphenol (BpX)-exposure. Growth was most severely 
inhibited by BpA-exposure, followed by BpF and then BpS. In contrast, E. coli was less susceptible 
to BpX-exposure. BpF had the biggest impact on growth followed by BpA and then BpS. The reduced 
microbial growth at single strain level was also reflected in the microbial viability. The effect of 
BpX-exposure on growth of the complex intestinal microbiota from high to low growth inhibition 
was by BpA, BpF and BpS. The impaired growth did not reflect on microbial viability, although this 
could have been expected. Microbial viability was determined using a microbial viability assay kit 
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan), which quantifies the reduction of the 
tetrazolium salt WST-8 by dehydrogenases from viable cells colorimetrically. According to the 
manufacturer, the assay was validated with a variety of single strain bacteria, but not with complex 
microbial communities. This might cause the non-consistent results from BpX-exposure on growth 
and viability in the complex microbiota (publication 7 Figure 1).  
Determination of viability of complex microbiota is not trivial, as discrimination of live/dead cells 
can already be complicated on the single strain level due to dormant cells or spores. Especially 
live/dead staining procedures, alike the staining procedure utilized with the Quantom Tx™ (Logos 
Biosystems, South Korea), have to be adapted and optimized to the specific microbiota and finally 
validated using appropriate methods (Emerson et al., 2017). 
All in all the metabolome analysis reproduced the results from growth and viability analysis, 
attributing the strongest microbiota-modulating effects to BpA, followed by BpF and the least 
effects to BpS. Furthermore, the results from publication 7, which determined effects on microbial 
growth, viability and the global metabolome, suggest a microbiota-specific response to BpX-
exposure. Metaproteomics on existing samples should be used to elucidate the reasons of these 
specific responses and to unravel the mode of action of each BpX by analyzing the (meta-) proteome 
of single strain bacteria on the one hand and the fecal community on the other hand.  




Recently the effects of BpX-exposure, also using BpA, BpF and BpS, have been addressed on 
complex organisms, i.e. zebrafish. Catron et al. (2019) observed an indirect association between 
BpX-developmental toxicity, which was determined by behavior in locomotion assays, and 
microbiota-modulation. There, effects emerged at considerably lower BpX concentrations already, 
both on zebrafish development and on the intestinal microbiota. The authors reported a high 
developmental toxicity from BpF-exposure, similar to that of BpA, and no developmental toxicity 
of BpS. In their study the microbiota-modulating properties of BpS were rather high, similar to 
BpA, and those of BpF were comparably low (Catron et al., 2019b). The results recorded by Catron 
et al. (2019) contrast our results and might derive from the experimental procedures. We exposed 
microbiota from exponential to stationary growth phase in vitro. Significant effects on the 
microbiota were only observed at concentrations >100 µM BpX. Catron et al. exposed zebrafish 
during embryo and larvae development within the first ten days after fertilization. During this time 
the intestinal microbiota colonize the larvae, which is essential for proper larvae development and 
thus a critical time window (Galindo-Villegas et al., 2012). They observed BpX-derived alterations 
within the microbiota composition and functions, though the authors did not identify effects on 
larval behavior (Catron et al., 2019a). Thus, it is not clear whether the reported BpX-derived changes 
in microbiota composition and functions are associated with adverse outcomes in zebrafish. 
Moreover, due to the nature of in vivo studies, the host also responds to BpX-exposure. Similar to 
the human situation, it is not clear whether alterations within the intestinal microbiota are cause or 
consequence (Maynard et al., 2012) and whether the microbiota affects the toxic kinetics of BpX by 
degradation or resorption.  
Based on the results of Catron et al. (2019), in which BpS exhibited microbiota-modulating 
properties in all concentrations tested, this compound was selected for further analysis 
(publication 8). Due to the comparable low complexity and the simultaneously increasing analysis 
depth, the model community SIHUMIx was assumed to be suitable to elucidate the mode of action 
of BpS within a microbial community setting (Lohmann et al., 2020). SIHUMIx adapts to the 
bioreactor system within five to seven days (publication 1 and publication 2). Therefore, it was 
assumed that SIHUMIx responds and adapts to a perturbation within the same timescale. Hence, 




taxonomic and functional analysis were performed at day one post exposure, shortly after the 
perturbation was initiated, as well as at days five to seven post exposure in order to investigate 
immediate effects and long-term changes. The applied BpS-concentration of 45 µM resembled the 
highest concentration utilized by Catron et al. (2019) and lies between the low and intermediate 
concentration utilized in publication 7, at which no significant effects were observed. At day 1 after 
exposure, the BpS-exposed SIHUMIx had a slightly lower biomass and displayed minor changes in 
taxonomy, primarily within the low abundant species, although these effects were not significant. 
By days 5 to 7 of exposure, the effects had disappeared in terms of both biomass and taxonomy, 
indicating a mild reaction to the perturbation and then adaption (publication 8). These observations 
resemble one possibility for communities to respond to a perturbation (Figure 16).  





Figure 16. Perturbations and possible response scenarios on the microbiota level. In ecology, perturbations 
are categorized in short-term (pulse) and long-term (press) perturbations, but they also differ with regard 
to perturbation intensity and frequency (teal background). Depending on the perturbation several response 
scenarios can be discriminated based on functional and/or taxonomix analysis that define the community 
state (green background). A A microbial community can resist a perturbation, which means they remain 
unaffected. B A resilient community returns to the initial community state after the perturbation ends. 
Furthermore, a microbial community can adapt to another community state by C modulation of the 
microbiota or D the community looses its functional properties, which describes microbiota-disruption. 
Modified from Sommer et al., 2017. 




Perturbations can differ in various ways (Figure 16, teal background). Depending on the duration of 
a perturbation, pulse and press perturbations are discriminated. Pulse perturbations are short-term 
events, whereas press perturbations resemble continuous or long-term events. Furthermore, 
perturbations exhibit difference regarding frequency and intensity (Bender et al., 1984). The 
discrimination of pulse and press perturbation depends on the time scales of the ecosystem (Shade 
et al., 2012), which for microbes is simultaneously related to the specific growth rate in batch culture 
and the system retention time in continuous culture. Thus, in publication 7 and publication 8, we 
similarly applied press perturbations. During batch cultivation, the exposure covered the whole 
microbial development from exponential to stationary growth phase. Similarly, in publication 8, 
the SIHUMIx were exposed for the time the community needs to adapt to the bioreactor system.  
Upon perturbation several response scenarios are possible and should be evaluated in terms of 
community functional and taxonomic states (Figure 16, green background, Konopka et al., 2015; 
Shade et al., 2012). 1. The community is resistant to the perturbation and does not alter. 2. The 
microbiota is resilient and upon perturbation changes on the functional or taxonomic level but 
thereafter recovers to the initial state. 3. The community responds to the perturbation and adapts 
its function or taxonomy, which results in a modulated community. 4. The community is severely 
impaired and the community function or taxonomy is disrupted (Shade et al., 2012; Sommer et al., 
2017).   
Microbial stress response is initiated by changes in gene expression and enzymatic processes 
within one hour (Schubert et al., 2018; Shamir et al., 2016), as microbes shift their enzymatic 
functions toward survival promoting metabolism (Schimel et al., 2007). This is possible since the 
intestinal microbiota exhibit highly adaptive capacities based on their community genetic potential 
(Konopka et al., 2015), which might result from the permanent exposure to inconstant 
environmental factors, e.g., variation in diet, uptake of bacteria, fungi and viruses (Sommer et al., 
2017). If the individuals within a community respond differently to the perturbation the 
community composition changes. However, this depends on the perturbation properties and the 
community stability in terms of resistance and resilience (Shade et al., 2012).  




Though, functional and taxonomic alterations can 
affect the interactions networks within the 
community (Konopka et al., 2015). Community 
diversity positively correlates with community 
stability, but community stability is not solely 
driven by diversity (Figure 17). Other factors, such as 
the differential response of species to a perturbation, 
functional redundancy and diversity increase 
community stability, as do cross-feeding with weak 
interactions (McCann, 2000). SIHUMIx is a model 
community of eight bacterial strains with only low 
diversity. Consequently, this community would be 
expected to exhibit low stability. Our finding, 
however, show that SIHUMIx shows high resistance 
to a pulsed acid stress (publication 1), to changes in medium retention times (publication 2) and to 
BpS-exposure (publication 8). There are two possible reasons (i) the perturbations had too low 
intensity to initiate changes within the community or (ii) SIHUMIx has a high degree of stability 
with regard to resistance and resilience. Bauer et al. (2017) modelled a metabolic interaction 
network that shows potential metabolic fluxes. As all SIHUMIx strains can be cultured individually 
and do not rely on the cross feeding, the metabolic interactions might be considered weak. These 
weak interactions potentially enhance the resistance upon perturbations. The functional repertoire 
of SIHUMIx community should be determined by proteome and genome analysis of the individual 
members to determine functional redundancy and functional diversity within the community. 
These information potentially facilitate the understanding of the community stability during a 
perturbation.  
The comparison of the before-mentioned in vivo study by Catron et al. (2019) and the in vitro study 
from the present PhD project, both applying bisphenols to intestinal microbiota, indicate that 
analyzing the microbiota-modulating properties of environmental chemicals in vitro is not 
Figure 17. Community stability relies on several 
factors. Factors that influence community 
stability are community diversity, functional 
redundancy within the microbiota and the 
existence of interaction networks.  




sufficient to fully assess health risks. Furthermore, the host response might amplify the chemical-
derived effects. Consequently, an alleviation of microbiota-modulating effects by the host is also 
conceivable. However, to selectively identify the microbiota-modulating properties of 
environmental chemicals, the exclusion of the host is essential (Macfarlane and Macfarlane, 2007). 
Microbiota-modulation by Roundup® LB plus, a glyphosate-based 
herbicide 
The effect of glyphosate exposure on the intestinal microbiota has been addressed in several studies 
using in vitro and in vivo approaches, though contrasting results were reported (Mesnage et al., 
2019; Nielsen et al., 2018; Riede et al., 2016; Shehata et al., 2013). From batch cultures of single strain 
bacteria it was reported that especially pathogenic species, like Clostridium botulinum, were 
resistant to glyphosate-exposure, whereas beneficial species, such as Bifidobacterium adolescentis 
and Lactobacillus spp. were susceptible to glyphosate-expsoure (Shehata et al., 2013). In contrast to 
this study, Riede et al. (2016), e.g., did not observe changes on taxonomy or metabolism in vitro 
under continuous cultivation of ruminal microbiota. Furthermore, glyphosate-exposure did not 
provide a growth advantage to Clostridium botulinum as suggested by Shehata et al. (2013) (Riede 
et al., 2016). Another study observed only slight taxonomic changes in the rat caecal microbiota 
combined with an increase in intermediate metabolites from the shikimate pathway upon exposure 
to 175 mg/kg body weight glyphosate (no observed adverse effect level (NOAEL) concentration, 
USA, Mesnage et al., 2019, non-reviewed preprint). Though, most studies focused on glyphosate-
related taxonomic changes only. Therefore, in the present PhD-project, the effect of glyphosate-
exposure, on the one hand, was investigated on the single strain level by exposure of E. coli, 
B. adolescentis and L. reuteri at different concentrations of glyphosate from Roundup LB plus 
(publication 4) and on complex porcine microbiota (publication 6) also evaluating functional effects.  
In publication 4 the effect of Roundup-exposure was determined with emphasis on immune 
modulation. Hence, only limited information on microbiota-modulating effects was gathered. The 
only microbial-related analysis was the functional analysis of riboflavin and folate metabolism, 
which did not show significant effects. These results contrast the observations of Shehata et al. 




(2013), as both Bifodobacterium adolescentis and Lactobacillus reuteri were not affected by 
glyphosate-exposure (publication 4).  
Unlike publication 4, publication 6 focused on the microbiota-modulating properties of glyphosate 
both on the taxonomic and functional level. Therefore, diverse microbiota from pig colon were 
short-term exposed to a three times higher concentration of Roundup (900 mg/L) during 
continuous cultivation compared to the highest concentration from publication 4. The colonic 
microbiota was not affected on the taxonomic level and only showed minor effects on the functional 
level. We did not observe effects on the abundance of SCFA, aromatic amino acids, but slight 
changes in the global metabolome after Roundup-exposure. The effects have been further specified 
and a tendentially increased concentration of cholic acid was measured on day 1 of exposure. The 
metabolic alterations did not correspond to significant changes on the proteome level 
(publication 6). One reason might be that the metaproteome coverage was too low to detect changes, 
which potentially result from the high community complexity (Lohmann et al., 2020). Another 
reason for these minor effects could derive from the complex intestinal medium (CIM) composition 
The CIM was adapted to the porcine colonic environment  and contained a high concentration of 
peptone (Tanner et al., 2014). Peptone serves as nitrogen source and is composed of hydrolyzed 
peptides and amino acids. Indeed, we measured high levels of free amino acids in the pure culture 
medium, which were clearly reduced during cultivation. This indicates microbial uptake of amino 
acids, including the aromatic amino acids phenylalanine, tyrosine and tryptophan. The presence of 
these aromatic amino acids potentially inhibits their biosynthesis via the shikimate pathway 
(Nielsen et al., 2018) and negates the effect of glyphosate on this compound targets the EPSPS from 
the same biosynthetic pathway. 
Based on our results Roundup exhibits mild effects at the tested concentrations, which already 
resembled high concentrations. To investigate the influence of glyphosate, both studies have one 
significant drawback. I.e., the frequently used glyphosate formulation Roundup LB plus was 
applied in both studies. Roundup  LB plus is a mixture of water (42.5%), glyphosate 
isopropylamine salt (41.5%), and surface-active-ingredient (16%, safety data sheet, MONSANTO 




Europe). The chemical composition of those surface-active ingredients is unknown and thus the 
distinction of glyphosate-derived or formulation-derived effects was not possible. Based on our 
analyses, it cannot be excluded (i) that glyphosate interferes with enzymes other than the primary 
target enzyme EPSPS or (ii) that it affects processes upstream of EPSPS. And (iii) adverse effects of 
surface-active ingredients cannot be excluded. To determine glyphosate-derived effect, the 
microbiota should be exposed to the active compound, which is glyphosate isopropylamine salt. 
However, the purchase of glyphosate isopropylamine salt in quantities suitable for in vitro 
cultivation experiments (~50 g) prove difficult. 
3.3 Modulation of MAIT cell activation  
Proof of concept 
The identification of environmental chemicals that directly modulate the immune system has 
driven the emergence of immunotoxicology as independent research field in toxicology research 
(Burchiel, 1999). Only recently specialized immune cells that recognize microbial metabolites, such 
as MAIT cells (Treiner et al., 2003) or regulatory T cells (Sakaguchi, 2000), have been discovered. 
These discoveries, beyond direct immunomodulatory effects, provide the potential for microbiota-
mediated, indirect immunomodulation by chemicals (Figure 18). 
  
Figure 18. Discrimination of chemical effects on 
immune cells. Chemicals exert direct effects and 
potentially microbiota-mediated, indirect effects 




MAIT cells are activated by microbial riboflavin (vitamin B2) pre-cursors and also recognize folate 
(vitamin B9) metabolites, which inhibit MAIT cell activation (Kjer-Nielsen et al., 2012). The indirect 




modulation of these cells via chemical-exposed intestinal microbiota has been assumed, although 
the concept had to be evaluated (Figure 19).  
 
 
Figure 19. Concept of microbiota-mediated MAIT cell modulation by environmental chemicals. Upon 
exposure the quantity and quality of microbial riboflavin and folate metabolites might change, which 
potentially affects the activation of MAIT cells and thereby cytokine production. 1. Chemical exposure 
elevates the availability of riboflavin metabolites and thus increases MAIT cell activation. 2. Due to chemical 
exposure the amount of riboflavin metabolites decreases and simultaneously MAIT cell activation declines. 
As proof-of-concept, the model community SIHUMIx was exposed to an acute acid stress 
(publication 1). The MAIT cell activating potential of SIHUMIx before, during and after acid stress 
was analyzed (publication 3). Indeed, microbial acid stress reduced the MAIT cell activating 
potential of SIHUMIx, although the community taxonomy was barely affected. In line with Schimel 
et al. (2007), we primarily observed changes on the metabolic level. The authors stated that the 
microbial stress response induces functional changes to promote survival, but effects on 
community composition were thought to occur as a long-term response to stress (Schimel et al., 
2007). The reduced MAIT cell activating potential in our study was associated with an increased 
riboflavin uptake. Riboflavin metabolism is essential for the synthesis of flavin mononucleotide 
(FMN) and flavin adenine dinucleotide (FAD). Both FMN and FAD are cofactors for flavoenzymes, 
which catalyze manifold reactions e.g. in redox or detoxification processes (Joosten and van Berkel, 
2007). E.g., the effects of heat-induced oxidative stress in Lactocoocus lactis  were reduced by the 
addition of riboflavin and thereby elevated FAD biosynthesis (Chen et al., 2013). Similarly, for 
E. coli, the contribution of flavoenzymes to the oxidative stress response has been demonstrated 
(García-Angulo, 2017; Maurer et al., 2005). Due to the involvement of flavoenzymes in oxidative 
stress response, detoxification and apoptosis (Joosten and van Berkel, 2007) and based upon our 
results (publication 3), riboflavin might serve as microbial stress sensor linking the exposure of 




microbiota to environmental chemicals to modulation of the MAIT cell response. To date, riboflavin 
has been quantified in the culture supernatant as proxy for the MAIT cell activating metabolites, 5-
(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and 5-(2-oxoethylideneamino)-6-D-
ribitylaminouracil (5-OE-RU), since these metabolites are instable and thus difficult to quantify.  
Biotic factors that affect MAIT cell activation  
In the human body MAIT cells reside at barrier sites and potentially recognize diverse microbiota 
there (Gibbs et al., 2017; Hinks et al., 2016; Teunissen et al., 2014; Treiner et al., 2003). In 
publication 3, the influence of biotic factors on MAIT cell activation have been addressed for the 
first time. The response of MAIT cells to microbial communities of different complexity and the 
contribution of individual community members on MAIT cell activation were investigated. In line 
with the study by Tastan et al. (2018), we observed a direct association between MAIT cell activation 
and riboflavin secretion on the single strain level. From our analysis using the SIHUMIx model 
community, we assumed a correlation between the relative species abundances in a community and 
the MAIT cell activating potential of the community itself. Furthermore, our data indicate that the 
MAIT cell activating potential of microbial communities decreases with increasing community 
diversity. This effect may be based upon the presence of MAIT cell activating metabolites from the 
riboflavin biosynthesis pathway (Kjer-Nielsen et al., 2012; Tastan et al., 2018). It was reported, that, 
especially in symbiotic or commensal interactions like those found in intestinal microbiota, the 
secretion of metabolites such as riboflavin is important for symbiosis establishment, maintenance 
and microbial cross-feeding (LeBlanc et al., 2013; Rodionov et al., 2019; Rowland et al., 2018). With 
increasing community complexity, the balance between prototrophic bacteria that supply 
riboflavin and possess MAIT cell activating metabolites and auxotrophic bacteria, which have to 
take up riboflavin, seemed to be shifted, thereby decreasing the MAIT cell activating potential. To 
date no other studies investigated the effects of communities, more specifically microbial diversity, 
on MAIT cell activation, although a variety of chronic inflammatory diseases is associated with a 
reduced microbial diversity (Blüher, 2019; Jangi et al., 2016; Manichanh et al., 2012; Turnbaugh et 
al., 2009; Zheng et al., 2018).  




The modulation of the MAIT cell response by environmental chemicals 
The microbiota-mediated modulatory effects of environmental chemicals on MAIT cell activation 
have primarily been addressed in publication 4 and publication 7, in which microbiota were acutely 
exposed to chemicals during batch cultivation and afterwards used for MAIT cell stimulation.  
In publication 4, we investigated the microbiota-mediated effects of glyphosate and chlorpyrifos 
on the MAIT cell response to Escherichia coli, Bifidobacterium adolescentis and Lactobacillus 
reuteri. Already in 2013 the microbiota-modulating properties of chlorpyrifos have been identified 
in vitro (Joly et al., 2013; Joly Condette et al., 2014; Reygner et al., 2016). However, the causal 
connection of chemical-exposure and microbiota-mediated immunomodulation of MAIT cells is a 
new approach. Indeed, chlorpyrifos increased the E. coli-mediated MAIT cell activation and in 
parallel lowered the inhibiting potential of B. adolescentis and L. reuteri at the tested 
concentrations in our study. This is also reflected in an altered riboflavin and folate biosynthesis. 
However, since bacteria lack acetyl choline esterase, the target of chlorpyrifos in animals (Qiao et 
al., 2001), the mode of action regarding microbiota-modulation remains unknown and thus should 
be investigated. A recent in vivo study analyzed the effects of chronic chlorpyrifos-exposure on the 
microbiota, serum hormone levels, e.g. luteinizing hormone, follicle stimulating hormone, 
testosterone and ghrelin, and inflammation of rats in vivo. The authors observed chlorpyrifos-
related effects on the intestinal microbiota, changes in hormone levels and more importantly 
effects on the inflammatory status of the animals. Thereby, the authors evidenced a mechanism by 
which chlorpyrifos-exposure might contribute to the development of inflammatory diseases (Li et 
al., 2019). In contrast to chlorpyrifos, glyphosate-exposure exhibited only minor microbiota-
mediated effects on MAIT cells. Glyphosate decreased the potential of L. reuteri to inhibit MAIT cell 
activation by E. coli, despite the other bacterial strains remained unaffected. Since single strain 
bacteria have an individual stress response and stress tolerance due to their limited genetic 
repertoire (Shade et al., 2012), the microbiota-mediated immunomodulatory effect of chlorpyrifos 
and glyphosate on MAIT cells needs to be confirmed using complex microbiota.  




In publication 7, E. coli, B. thetaiotaomicron and complex fecal microbiota were exposed to 
bisphenol A (BpA), bisphenol F (BpF) and bisphenol S (BpS) at three different concentrations. 
Thereafter, the modulation of the MAIT cell response was determined. The MAIT cell response 
mirrored to effects of BpA on microbial growth and viability for BpA at the single strain level. BpF 
reduced growth and viability in both bacterial strains, B. thetaiotaomicron and E. coli, though the 
down-stream MAIT cell response was different. Growth, viability and metabolic shift of E. coli were 
positively correlated with MAIT cell activation, which all decreased with increasing BpF 
concentration. In contrast, for B. thetaiotaomicron the MAIT cell response was elevated and 
negatively correlated with growth, viability and metabolic changes at rising BpF concentration. 
Surprisingly, in the complex community the effect of BpA- and BpF-exposure observed within the 
microbiota did not reflect on MAIT cell activation. Although BpS affected growth and metabolism 
of all microbiota, the BpS-related changes did not result in a modulated MAIT cell response. The 
different microbiota showed different susceptibility towards BpA-, BpF- and BpS-exposure. 
Although the BpX-related effects on the microbiota-level partly correlated with MAIT cell 
modulation, these effects were lost when complex microbiota were used.  
These data show that the use of individual bacterial strains is suitable to estimate the ability of 
chemicals for microbiota-mediated MAIT cell modulation. However, bacterial single strains do not 
represent the intestinal microbiota. Consequently, experiment exposing complex microbiota to the 
same chemicals are essential to validate the ability of chemicals for microbiota-mediated MAIT cell 
modulation. At the same time, these data suggest that the microbial stress-response does not always 
affect riboflavin utilization. Though, the role of riboflavin in microbial stress response should be 
investigated in more detail. 
The utilization of chemical-exposure in batch is assumed more fruitful to identify immediate 
microbiota-mediated effects by chemicals on MAIT cell activation. In the present PhD project the 
microbiota showed immediate effects and seemed to adapt during further continuous cultivation, 
although the chemicals applied to these continuous cultures indeed only show minor effects on the 
microbiota. In future experiments more than one concentration of chemical should be utilized for 
chronic exposure and then the downstream effects on MAIT cell activation should be determined 




in more detail. The presented results revealed one major problem when assessing microbiota-
mediated immunomodulatory properties of chemicals, i.e. peripheral blood mononuclear cells 
donor variability. The donor variability observed in MAIT cell stimulation assays potentially 
reduced or mask the modulatory effects, as MAIT cells were shown to be age- and sex-dependent 
(Novak et al., 2014). In future experiments, this donor-bias should be eliminated by choosing 
donors of similar age and sex. 
The existence of direct immunomodulatory properties of chemicals have already been shown (Guo 
et al., 2015). To assess direct modulatory effects on MAIT cells, MAIT cells were stimulated in the 
presence of BpX (publication 7). The number of activated MAIT cells declined with increasing BpX 
concentration independent from the compound. This effect seemed to derive from an impaired 
viability of MAIT cells. Similarly, the viability of other lymphocyte populations has been affected. 
To discriminate immunomodulation from immunotoxicity analyzing viability is essential and 
experiments should focus on concentrations were no immunotoxicity has been observed. 
Regarding MAIT cell modulation, we observed a decrease in MAIT cell activation at concentrations 
that did not affect cell viability (publication 7). 
3.4 Concluding remarks and future perspectives  
In vitro cultivation procedures resemble useful tools to investigate the microbiota-modulating 
properties of (environmental) chemicals. In combination with up-to-date omics-techniques 
(metatranscriptomics, metagenomics, metaproteomics and metametabolomics), the microbial 
response and the dynamics upon exposure as well as the mode of action can be uncovered both on 
the taxonomic and functional level (Gao et al., 2017, 2013b; Wilmes et al., 2015).  
In the present PhD project, some aspects regarding microbiota cultivation have been identified, 
which should be addressed in future experiments. SIHUMIx was proven suitable to investigate the 
effects of chemical exposure in vitro (publication 1, publication 2 and publication 8). However, at the 
constant community state SIHUMIx comprises of only four dominant members with Bacteroides 
thetaiotaomicron making >70% relative species abundance. It is assumed that the dominance of 
Bacteroides thetaiotaomicron results from the high concentration of mucin in the complex 




intestinal medium (CIM). To achieve a more in vivo-like composition of SIHUMIx in vitro the mucin 
concentration should be lowered. Moreover, SIHUMIx showed a high resistance toward the 
perturbations that were applied, i.e. acid stress (publication 1), changes in medium retention times 
(publication 2) and the exposure to BpS (publication 8). The mechanisms that promote the 
resistance of SIHUMIx should be evaluated. Therefore, proteome and genome analysis of the 
individual bacterial strains should be performed to elucidate the functional repertoire of all 
SIHUMIx members. This will help to evaluate the functional redundancy and functional diversity 
within the community, which might be the basis for the observed high resistance.  
Based on the present PhD project, an effect concentration (EC) should be determined beforehand in 
future experiments using batch cultures. Since complex microbiota have a broader range of 
genetically encoded response mechanisms compare to individual bacterial strains (Shade et al., 
2012) and are more relevant for the in vivo situation,  the use of complex microbiota for this purpose 
seems to be advisable. By exposing these microbiota to a broad range of chemical concentrations, a 
dose-response curve might be generated e.g. regarding growth reduction. This allows the 
identification of the half maximal effective concentration EC50, which represents a medium 
concentration. From these analyses also a low concentration, resembled by the EC25, and a high 
concentration, equal to the EC75, can be obtained and used for further investigations. However, 
metaproteome analysis can be applied to identify the mode of action in terms of functional 
microbiota-modulation since the identification of a potential mode of action demands functional 
analysis. Due to the limitation of metaproteomics and metagenomics to sufficiently resolve effects 
in complex communities (Jiang et al., 2019; Lohmann et al., 2020), experiments that aim at 
clarifying the mode of action should evaluate effects on different levels of complexity. These may 
be (i) the single strain level using batch cultures, (ii) a defined model community, such as SIHUMIx 
(or any other defined community) and (iii) complex communities in in vitro bioreactors.  
Moreover, in the context of microbiota-modulation, suitable analyses to assess microbial viability 
need to be established to discriminate microbiota-modulation from microbiota-disruption, since 
the results from publication 7 show that a reduction in growth did not correlate with microbial 
viability within the complex microbiota. Microbiota-modulation should be differentiated from 




microbiota-disruption, with microbiota-disruption being based on a reduced viability due to toxic 
effects.  
Regarding the analysis of complex intestinal microbiota, the sequential enrichment procedure 
applied in publication 7 may be refined, especially for purposes other than chemical testing. It 
should be determined how much similarity between cultivated complex microbiota and the 
corresponding starting material (inoculum) is retained during enrichment on the functional and 
taxonomic level. This is important for the development of in vitro models of diseased microbiota or 
the microbiota of children, since these microbiota are more susceptible to perturbations (Sommer 
et al., 2017). For this purpose, it seems exceedingly important to prove whether the functional 
phenotype can be retained in vitro. In addition, it seems advisable to investigate the loss of function 
and/or loss of species that results from the use of BHI medium compared to the use of CIM. To apply 
CIM for sequential enrichment, a redox-indicator should be added to the autoclavable part of the 
medium. It should be determined whether this medium can be prepared with the present 
equipment avoiding oxygen contamination. If the before-mentioned approach is proven 
impossible the supplementation of BHI by inorganic salt and bile salt should be considered. 
Furthermore, to limit the loss of taxonomic and functional properties the number of enrichments 
steps should be as low as possible to still facilitate the reproducible cultivation of the microbiota in 
continuous culture. Since the reproducible cultivation of complex microbiota has been established 
within the present PhD project (Figure 14), the utilization of these reproducible complex microbiota 
for chemical exposure should be considered in the future. 
Based on the results from publication 1, riboflavin was assumed to be involved in the microbial 
stress response. In contrast, the results obtained in publication 7, did not show an effect of 
bisphenol exposure on MAIT cells although microbial growth and metabolism were clearly 
affected. To determine microbiota-mediated modulation of MAIT cells the role of riboflavin during 
microbial stress response should be evaluated in future experiments. In the present PhD project 
blood peripheral mononuclear cells, containing MAIT cells, have been used to assess these effects. 
MAIT cell frequency and phenotype were shown to depend on age and sex (Novak et al., 2014). Thus, 




in future experiments, a potential donor-bias should be eliminated by choosing donors of similar 
age and sex. 
The present PhD project solely focused on the modulation of MAIT cells, but several immune cells 
can be modulated by microbial metabolites, such as B cells, regulatory T cells, macrophages or 
dendritic cells. Future approaches should involve these other cell types into analysis concerning 
microbiota-mediated effects of chemicals. In this study, the experimental groundwork was 
established to investigate the effects of chemicals, especially on microbial communities, in vitro. 
Moreover, a framework was created to investigate microbiota-mediated effects on MAIT cells. 
Nevertheless, in vitro studies only cover the microbiota-modulating properties of chemicals, due 
to host exclusion. To validate the relevance and to completely assess the chemicals risk regarding 
microbiota-modulation or microbiota-mediated immune modulation, the results need to be 
reproduced in vivo together aiming at causality, i.e. disease phenotype.  
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